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Summary
Using data collected at center-of-mass energies from 183 to 202 ! #" with the OPAL detec-
tor at LEP, which amount to an integrated luminosity of 457.1 $&%('*) , the mass of the W boson
is measured in the fully leptonic decay channel, +,-+
'/.10325460879254;:
. An approximative recon-
struction of the events and the directly measured energies of the leptons are used to determine the
W mass in this channel with two different procedures; a binned fit using a reweighting method
and an unbinned fit based on a parametrization of the distributions of the sensitive variables. The
results obtained from the two methods are:
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for the unbinned fit. The first error is statistical and the second systematic. Both measurements
are consistent with each other and with the world average of <>= .
Zusammenfassung
Die Masse des W Bosons wird im rein leptonischen Kanal, WX-WZY/[1\3]5^6\8_9] ^;` , bestimmt.
Hierzu werden Daten des OPAL Detektors am LEP Beschleuniger, die bei Schwerpunktsenergien
von 183 bis 202 a!b#c aufgezeichnet wurden und einer integrierten Luminosita¨t von 457.1 dfe Y*g
entsprechen, verwendet. Zwei auf die Masse des W Bosons sensitive Variablen werden unter-
sucht: die Pseudomasse, die aus einer approximativen Rekonstruktion der Ereignisse gewon-
nen wird, und die leptonische Energie. Zur Bestimmung der W Masse werden zwei Verfahren
angewendet. Ein direkter Vergleich der Variablenspektra mit Monte Carlo Simulationen, die
durch eine Umgewichtungsmethode gewonnen werden, sowie ein Ungebinnter Likelihood Fit
die auf einer analytischen Parametrisierung der sensitiven Variablen basiert. Fu¨r die Umgewich-
tungsmethode ergibt sich die W Masse zu
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und aus dem analytischen Fit erha¨lt man
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Der erste Fehler entspricht der statistischen und der zweite der systematischen Unsicherheit
der Messung. Die mit den zwei Methoden bestimmten Massen sind in guter ¨Ubereinstimmung
miteinander und mit dem Weltmittelwert der W Masse.
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Chapter 1
Introduction and Overview
The current theory describing the matter and its interactions, the Standard Model, consists of
the quantum field theories of the strong and the electroweak interactions and it is based on
the 66 5¢¡£/¤¥ gauge group. In this theory, all matter is made of two types of
fundamental spin ¦§ -particles; leptons with integer charge and quarks with fractional charge. The
interactions between these fundamental particles are described by spin 1-particles called bosons,
which are the mediators of the forces: the electromagnetic, the weak and the strong forces.
In 1967 Weinberg [1], Salam [2] and Glashow [3] proposed a model, which treated the
electromagnetic and weak forces as different aspects of a single electroweak interaction. In a
formulation similar to the QED model, they defined a unified gauge theory based on a SU(2)
group of weak isospin and a U(1) group of weak hyper-charge. The interactions between the
particles would take place by the exchange of four bosons; a massless photon and three massive
particles, ¨ , ©ª¬«­P®f¯°©Z± . At the beginning of the seventies, the theory was proven to be
renormalizable by ’t Hooft [4] and Veltman [5].
The actual theory of the strong interactions had its origin in the sixties when new evidence
for quarks started to come from different experiments. Among all the proposed theories of the
strong interaction the quantum chromodynamics, the QCD, claimed to be the only fundamental
theory of this force [6]. The QCD is a theory based on the 

color gauge group and it
explains the strong interaction by the exchange of eight massless particles called gluons.
The progress in particle accelerators and the development of new detection techniques have
been decisive for the study and experimental verification of the Standard Model. An important
milestone was achieved in 1983 by the experiment UA1 in the proton-proton ring SPS at CERN,
when the first experimental evidences of the ¨ , ©~ª and ©Z± bosons were observed [7]. In
order to continue with the study of these bosons and to perform consistency tests of the Standard
Model, the electron-positron ring LEP at CERN was constructed and began to take data in 1989.
In the first phase of the accelerator, called LEP1 programme [8], collisions between electrons
and positrons were performed at a center-of-mass energy around the resonance peak of the ¨
boson at 91 ²!³#´ . The approximately 4 millions ¨ decays per experiment recorded in this phase
provided very precise measurements of the properties of this boson and showed good agreement
with the Standard Model predictions.
From 1996 onwards, the center-of-mass energy was increased above the W pairs production
threshold of 161 ²!³#´ . The energy was further increased in steps up to 208 ²!³#´ at the end of
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2000. In this phase of the accelerator, called LEP2 programme [9], the study of the properties of
the W boson is one of the major goals of the experiment, in particular the mass of the W boson.
This measurement provides stringent tests of the Standard Model and when combined with the
mass of the µ boson and other electroweak precision measurements, the W mass can be used to
constrain the range of the mass of the not yet observed Higgs boson [10]. This particle, predicted
by the theory, gives rise of the masses of the different particles by the interaction of these with
the Higgs boson.
This thesis presents a measurement of the mass of the W boson in the fully leptonic decay
channel using the data of the OPAL detector at LEP and it is structured as follows: After this
introduction, chapter 2 describes the ¶5·z¶C¸ collider LEP, the OPAL detector and the data acquisi-
tion system together with the Monte Carlo simulation. Chapter 3 provides a brief explanation of
the Standard Model, chapter 4 concentrates on the ¹~·z¹¸ production at LEP2. The selection
of the leptonic events and the general description of the Monte Carlo generators used in the anal-
ysis are explained in chapter 5. Chapter 6 presents the two sensitive variables to be used in the
analysis. A first method to measure º>» using a reweighting method is explained in chapter 7,
whereas in chapter 8 the measurement is based on an unbinned method. In chapter 9 the results
from both methods are compared and combined with other º>» measurements from OPAL and
from LEP. Finally the conclusions of the thesis are presented in chapter 10.
Chapter 2
LEP and OPAL
2.1 The ¼¾½R¼À¿ Collider LEP at CERN
The Large Electron Positron collider LEP at the European Laboratory for Particle Physics CERN
near Geneva is the largest particle accelerator in the world. Around its 27 km of circumference,
bunches of electrons and positrons collide 100 m below the surface in four interaction points,
where four detectors are placed. LEP has the shape of an octagon and consists of eight arcs
joined by eight straight sectors [11]. Figure 2.1 shows an aerial view of LEP. The interaction
regions, P2, P4, P6 and P8 correspond to the four large underground LEP experiments, L3 [12]
at P2, ALEPH [13] at P4, OPAL [14] at P6 and DELPHI [15] at P8.
At these four symmetric points around the ring the bunches of particles are focused and are
collided in the center of the experiments. Each bunch contains more than Á#ÂÄÃÅÃ particles, but only
one in about 40000 collisions between the bunches produces the desired effect of frontal collision
between an electron and a positron. For this reason the bunches circulate for hours, each one
traveling more than 10000 times a second around the ring. To focus the bunches, quadrupole and
sextupole magnets are placed in the arcs together with dipoles to bend the bunches. The straight
sectors have radio-frequency cavities to accelerate the particles and compensate the energy loss
of the electrons and positrons in the arcs of the circumference due to the synchrotron radiation.
This energy loss W can be written as
ÆÈÇAÉZÊËÍÌÏÎÑÐÓÒ#ÔÖÕØ×Ù
Ú
Î ÛÝÜÞÕ
Ð!Ò#Ôàß(Ò#ázâäãfáæå (2.1)
for electrons at sufficiently high energy ( çéèAê ). A is a numerical constant whose value is
ëÄìFëPí
Ê
Á#ÂÄî&ï for the LEP accelerator, E is the energy of the electrons and positrons and Ú is the
radius of curvature. For a beam energy of 100 Ð!Ò#Ô the energy loss of electrons and positrons in
the LEP ring is about 2 GeV per turn.
Figure 2.2 shows the LEP injection system. A high-intensity electron gun supplies electrons
to the first LEP injection linac 1 (LIL) [11]. The electrons emerging from this first LIL have an
energy of 200 ð Ò#Ô and they strike a tungsten converter target to produce positrons. An electron
gun located near the converter provides the electrons to be used in LEP. After the converter, a
1Linear accelerator.
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Figure 2.1: Aerial view of the ñ5òzñCó collider LEP at the European Laboratory for particles
physics CERN near Geneva.
second LIL is located to accelerate both electrons and positrons to 600 ô>ñ#õ in 12 ns pulses.
The electron-positron accumulator ring (EPA) after the two LILs is a racetrack shaped storage
ring with a perimeter of 126 m, which accumulates particles in eight bunches at 600 ôHñ#õ before
they are injected into the Proton Synchrotron (PS). Here, in a ring with a circumference of 630
m, the leptons are accelerated to 3.5 ö!ñ#õ , with which they are introduced into the Super Proton
Synchrotron (SPS). The SPS ring has a circumference of 6.9 km and it consists of 32 copper
single-cavities and two super-conducting cavities, which increase the lepton beam energy to
22 ö!ñ#õ . Finally the beams are introduced into the LEP collider whose acceleration system
increases the beam energy from 22 ö!ñ#õ to the operating energy and replaces the energy loss
due to the synchrotron radiation.
LEP started to operate in summer 1989. Since that year and until 1995 the accelerator worked
at a center-of-mass energies around the ÷ resonance peak at 91 ö!ñ#õ . For such an energy, 128
copper cavities were enough to compensate the energy loss [16]. Since 1996 and until November
2000, LEP operated at center-of-mass energies around and above the ø~òøZó threshold produc-
tion; from ù ú = 161 ö!ñ#õ up to ù ú = 208 ö!ñ#õ . Additional super-conducting cavities were
added to the system to compensate losses due to the much higher-synchrotron radiation.
Another important parameter of all accelerators is the luminosity [17], û , which determines
the rate of events ü per time as a function of the interaction cross-section ýfþ ß  :

ü

ûýfþ ß
 (2.2)
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Figure 2.2: LEP injection system.
If there are two bunches containing ﬁﬃﬂ and ﬁ  particles colliding with a frequency ! , then
the luminosity is given by:
"$#
!&%
ﬂ
%

')(+* ,)*.- (2.3)
where
*0/
and *01 characterize the horizontal and vertical dimensions at the interactions points.
During LEP1, the four experiments recorded more than 16 millions of 2 decays. These data
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have provided an extremely accurate knowledge of the 3 boson parameters; its mass and its
partial and total decay widths [16]. In the second phase of LEP, a total luminosity of 600 4 5ﬃ6+7
was recorded by each of the four experiments [18]. In this era, the study of the properties of the
W boson together with the search of new particles were the major goals [9].
The 2nd of November 2000 was the indicated date for the end of LEP. After that day, the four
experiments were dismantled to make space for a new research experiment, the Large Hadron
Collider (LHC). The new accelerator will be placed in the old LEP tunnel and it will have two
main experiments: ATLAS [19] and CMS [20]. The beginning of data taking at the LHC is
expected in 2005–2006.
2.2 The OPAL Detector at LEP
The OPAL (Omni Purpose Apparatus at LEP) detector is designed to provide precise measure-
ments of charged particles and of electromagnetic energy over the full solid angle. The basic idea
behind its design has been the detection of all types of interactions occurring in 8	9:8
6
collisions
with efficient and accurate reconstruction and the unambiguous classification of the events. A
general description of OPAL detector can be found in [14,21,22].
In its cylindrical form of 12 m length and 10 m diameter, the different sub-detectors are
placed around the beam pipe. The main elements of this detector are a central tracking system, a
solenoidal magnet coil, an electromagnetic calorimeter, a hadron calorimeter and finally a muon
detector. In addition, a pair of forward detectors is used to measure the luminosity and to identify
particles emitted at small angles with respect to the beam pipe. Two views of the OPAL detector
are shown in figures 2.3 and 2.4. Figure 2.3 shows a three dimensional schematic view of the
OPAL detector and figure 2.4 two cross section views of the OPAL detector, one in the r- ; plane
and the other one along the beam-line.
To describe the data recorded with the OPAL detector, a cartesian coordinate system is used.
The z axis is defined by the electron beam direction and the x-y axises define the transversal
plane, where x points towards the center of the LEP collider and y is the perpendicular direction.
The measured tracks can also be defined in a polar coordinate system; the polar angle ; and the
azimut < .
The OPAL collaboration is a team of physicists and engineers who designed, built and run
the OPAL detector, and who analyze the collected data. The collaboration consists of over 300
people from thirty-four institutes around the world.
The most important elements of the detector are described briefly in the next subsections.
2.2.1 The Central Tracking System
The system of central tracking chambers is contained in a solenoid which provides a magnetic
field of 0.435 T along the z-axis. It is designed to measure charged particles which travel across
the detector.
The first element of the tracking system found after the beam pipe is the Silicon microvertex
detector. This element (introduced in OPAL in 1992) is designed to provide a precise measure-
ment of the vertex position and consists of silicon microstrips counters [23].
2.2. THE OPAL DETECTOR AT LEP 11
Figure 2.3: OPAL detector at LEP.
The vertex detector is a 1 meter long, 470 mm diameter, cylindrical drift chamber located
between the Silicon microvertex and the Jet chamber. It is used to locate decay vertices of short
lived particles and to improve the momentum resolution. The chamber consists of an inner layer
of 36 cells with axial wires and an outer layer of 36 small angle stereo cells. The axial cells
provide a precise measurement of the tracks position in the =?>A@ plane, while the stereo cells
give an accurate z measurement for charged particles close to the interaction region.
The Jet chamber is designed to measured the momentum of the charged particles combining
good space and double track resolution, fundamental for the efficient recording of jet events.
The Jet chamber operation is based on the ionization of atoms by charged particles, which pass
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through the gas that fills the detector. The electrons liberated in this process drift in an electric
field towards anode wires. The amount of ionization that a charged particle causes per unit length
as it flies through the Jet chamber depends on the charge and momentum of the particle. The
specific energy loss B CEDFBHG is an important tool for particles identification.
The sensitive volume of the jet chamber is a cylinder with a length of about 4 m, surrounding
the beam pipe and vertex detector. The chamber is subdivided in 24 identical sectors, each
containing a plane with 159 sense wires, parallel to the beam direction.
The last element of the central tracking system are the z-chambers. They are used to obtain
a precise measurement of the z coordinate of the tracks as they leave the Jet chamber and thus to
improve both the polar angle and the invariant mass resolutions. The z-chambers are arranged to
form a barrel layer around the Jet chamber covering the polar angle IKJHLNMOQPSRUT)V.WXPYJHLNMO and
94% of the azimuthal angle.
The central tracking system has a momentum resolution of [14]:
Z[]\
^ _&`ba c
JHLdJ)O)egfEh
c
JHLdJiJ0j]k
^ _
cmlonqp
eregfs (2.4)
where ^ _ is the transverse momentum, measured in the xy-plane. The average angular resolution
is 0.3 mrad in t and 1 mrad in W .
The next element is the Time-of-Flight detector(TOF). This system generates trigger sig-
nals and, by measuring the time of flight from the interaction region, allows charged particle
identification in the range 0.6-2.5
lonqp
. It also aids in the rejection of cosmic rays. The TOF
system covers the barrel region ugRUT)VvWwuxPYJHLzyiO . It consists of 160 scintillation counters (6.8 m
long and 45 mm thick) forming a barrel of mean radius 2.36 m, which is positioned outside and
coaxial with the aluminum magnet coil.
Charged particles passing these scintillation counters [24], excite the atoms of the material
which causes the emission of photons. The light is collected at both ends of each counter via
300 mm conical and cylindrical light guides glued directly to the photomultipliers. The output
of these photomultipliers is proportional to the number of incident photons.
2.2.2 The Electromagnetic Calorimeter
The electromagnetic calorimeter (ECAL) detects and measures the energies and positions of
electrons, positrons and photons ranging from tens of {
nqp
to 100
l|nqp
. It is designed as a total
absorption detector mounted between the coil and the iron return yoke of the magnet. The ECAL
is made of lead-glass blocks, which cover nearly all angles from the beam direction. The barrel
and endcap lead glass systems together cover 98% of the solid angle. Lead glass was chosen for
the electromagnetic calorimeter because of its excellent intrinsic energy resolution [14]. Since
there are two radiation lengths of material in front of the lead glass, due mostly to the magnet
coil and presurre vessel, most electromagnetic showers are initiated before the ECAL itself. The
presampling devices are therefore installed in both the barrel and endcap regions immediately
in front of the lead glass to provide measurements of the position and energy of electromagnetic
showers which start in front on the lead glass.
The barrel lead glass calorimeter consists of a cylindrical array of 9440 lead glass block
of 24.6 radiation lengths. It is located at a radius of 2455 mm, outside the magnet coil, covering
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the azimuthal angle of }g~U).w}YHzi . The energy resolution in the barrel is given by [14]:
w
Ł  Hz)b
z)

Ł
(2.5)
where E is the electromagnetic energy in oq . The endcap electromagnetic calorimeter con-
sists of two dome-shaped arrays, each of 1132 lead glass blocks. It is located between the
pressure bell of the central tracking system and the hadron calorimeter and covers the azimuthal
angle of HzH}g~U)ww}YHzi . The energy resolution in the endcaps is [14]:
 
Ł 


Ł
(2.6)
2.2.3 The Hadron Calorimeter
The hadron calorimeter measures the energy of hadrons and helps in the identification of muons.
The iron of the return yoke provides four or more interaction lengths of absorber over a solid
angle of 97% of ) . The yoke is segmented into layers, with planes of detectors between each
layer, and forms a cylindrical sampling calorimeter about 1 meter thick. To achieve the coverage
in solid angle, the hadron calorimeter is constructed in three parts; barrel, endcaps and the pole
tips. Together they extend down to }g~U).w}$Hzi .
The hadron calorimeter achieves a resolution of [14]:


Ł 
]

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(2.7)
2.2.4 The Muon detector
This detector is designed to identify muons. It is constructed as a barrel and two endcaps and
covers 93% of the full solid angle. While muons penetrate in the muon detector and leave a single
clean track, most hadrons are absorbed in the magnet return yoke. The barrel muon detector
consists of 110 large-area drift chambers, each with 1.2 m wide and 99 mm deep. It covers an
azimuthal angle }g~U)ww}YH

 for four layers and }g~U)vw}xYHN  for one or more layers. The
muon endcaps cover the angular range H

 X}g~U).w}SHzi

. At each end of the detector an
area of about 150 square meters is covered with four layers perpendicular to the beam axis. The
direction of the muon tracks is determined from the hit coordinates in these individual layers.
2.2.5 The Luminosity Measurement
The Luminosity of the colliding beams is determined by the observation of small angle Bhabha
events, 	¡¢£¥¤&	¡:£ . The cross section of these events can be calculated in the framework
of quantum electrodynamics QED, with a precision much better than 1% [16]. Moreover, the
signature of these events is very clear. Thus the Bhabha processes are ideal to measure the
luminosity.
The system to measure this parameter consists of two forward detectors and since 1993 of
a Silicon Tungsten Calorimeter. The forward detectors measure the luminosity of LEP by
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detecting small-angle Bhabha scattering, and also tag electrons from ¦.¦ interactions. The SiW
Calorimeter was proposed in 1991 as a improvement for OPAL and installed in the detector in
1993. The calorimeter was built to obtain a good energy-position resolution. A good position
resolution is fundamental for a precise measurement of the acceptance on the calorimeter. A high
energy resolution is important to separate real Bhabha events from the background processes.
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Figure 2.4: Cross section views of the OPAL detector. (a) in the r- ± plane. (b) along the beam-
pipe; z-axis.
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2.3 The Data Acquisition and the Trigger System
The first classification of the events coming from the ²	³´²µ collisions is performed during the
on-line reconstruction. The detector consists of a trigger system to separate candidate events,
according to the physics processes under consideration, from the background. The so obtained
events are recorded and subjected to further analysis to perform additional events classifications
during the off–line phase.
The trigger system is designed to provide high efficiency for the different physics processes
and good rejection of backgrounds coming from cosmic rays, from interactions of the beam
particles with the gas inside the beam pipe or the wall of the beam pipe, and from electronic noise
in the detector. At LEP, a bunch crossing occurs typically every 22.2 ¶ s. The data acquisition
system cannot handle such an amount of data and the trigger system reduces therefore the 45
kHz bunch crossing rate to an event rate of 3-10 Hz.
The whole solid angle covered by the detector is divided in 144 overlapping bins, 6 in ·
and 24 in ¸ . The subdetectors deliver trigger signals according to this binning. In addition,
“stand-alone” signals are derived from total energy sums or track counting.
All the trigger signals are combined in the central trigger logic to decide whether an event is
accepted or rejected. If the trigger logic accepts an event, the corresponding information from
the subdetectors is read out and processed by the data acquisition system. After this, the event
builder merges all the information coming from the subdetectors and passes the event to the filter,
which monitors the quality of the data and classifies events according to their topology. The so
obtained data are compressed and written to the filter disk, together with the event headers of
all the events which reach the filter. All this information is passed to the ROPE farm, a group
of workstations which perform the reconstruction of the events, taking into account the whole
information emerging from the subdetectors. The reconstructed events are sent to the SHIFT
farm in the central computing facility at CERN and recorded on magnetic tapes. These tapes
are called DSTs (Data Summary Tapes) and contain the neccesary information to perform the
off-line analysis which is explained in chapter 5.
2.4 The Monte Carlo Simulation
The simulation of the physics processes by the Monte Carlo package is an important tool for the
data analysis. Monte Carlo simulation works in two steps described as follows:
¹ Production of events.
The different Monte Carlo generators produce the four-momenta of the particles according
to the properties of the process that is generated. This so called tree– or generator–level
includes all the characteristics of the event which comes from ²	³¢²µ collisions, as the W
mass, º¼» , and the W width, ½+» . Chapter 5 gives a description of the different Monte
Carlo generators used for this analysis.
¹ Interactions with the detector.
The software package GOPAL [25] describes each component of the OPAL detector geo-
metrically and the GEANT [26] package simulates the response of the detector, describing
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the interactions between the particles and the detector material. The output from GEANT is
recorded in the same format as the data, to allow in the reconstruction package ROPE [27]
a similar treatment of data and simulated events.
Chapter 3
The Standard Model
The Standard Model describes the fundamental constituents of matter and their interactions. This
model is a gauge-invariant field theory based on the gauge group ¾H¿ÁÀÃÂ)ÄÆÅÇ¾H¿ÈÀÃÉ)ÄÊÅ¼¿ÈÀÌË	Ä and
describes the strong, the electromagnetic and the weak forces.
The electromagnetic force is successfully explained by the quantum electrodynamics (QED)
[28]. This is a gauge theory based on the ¿ÁÀÌË	ÄÎÍÐÏ local gauge transformations group, which
leads to the conservation of the electric charge as a quantum number. The QED explains the
interaction between charged particles as the exchange of a massless neutral particle, the photon.
The electromagnetic and weak interactions have been unified by the Glashow, Salam and
Weinberg [1–3] model proposed in the late 1960s and described below. This theory is based
on the ¾H¿ÁÀÃÉ)ÄÆÅ¼¿ÁÀÌË	Ä local gauge transformations group, the SU(2) group is related to the weak
isospin transformations (I) and the U(1) group to the weak hypercharge (Y). The theory was later
proven to be renormalizable by t’ Hooft and Veltman [4, 5].
The quantum chromodynamics (QCD) is a theory based on the SU(3) group of local trans-
formations, which explains the strong color interaction between quarks [29–31]. The color is a
quantum number with three possible values, say red, blue and green. The bosons which mediate
the strong interaction between quarks are the gluons, each is carrying a color and an anticolor.
In QCD, there are six types of charge (color and anticolour) and eight color charged media-
tor bosons. Quarks have been never observed as isolated particles and they can exist only in
colorless combinations (a phenomenon called confinement) of colored objects, in the following
configurations: Ñ Ñ (mesons) and ÑÑÑ (baryons).
The gravitation is the fourth interaction observed in nature and it is not included in the
Standard model. Its unification with the other interactions is still one of the remaining open
questions, which can lead to more general theories beyond this model.
The general characteristics of the Standard Model can be summarized as follows:
Ò The matter is made out of spin 1/2 particles called fermions: six leptons and six quarks.
The leptons carry integer charge and these are the electron (e), the muon ( Ó ) and the tau
( Ô ). The muon and the tau are heavy versions of the electron. Each charged lepton has the
corresponding neutral lepton called neutrino. The quarks carry fractional charges ÕÖÉ)×Â Ø ÙxØ
or ÚÖË	×Â Ø ÙxØ , where Ø ÙxØ is the value of the electrical charge of the electron. The quark flavors
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are denoted by u, d, s, c, b and t.1
Û Leptons and quarks fall into three families classified according to their hypercharges and
the third component of the weak isospin. All the matter is built from particles of the first
family. Table 3.1 summarizes the three families for the leptons and quarks.
In case of leptons, there is no cross-generation coupling, but in the case of quarks, the
situation is not so simple. Although the generation structure is similar, the weak interac-
tion do not strictly respect their separate identities, allowing cross generational couplings,
described by the Cabbibo-Kobayashi-Maskawa matrix.
Û The weak hypercharge is related to the weak isospin by the Gell-Mann-Nishjima relation:
ÜÝßÞqà?áãâ (3.1)
where Q is the electric charge.
Û The Dirac field operator for each particle can be split into a left-handed and a right-handed
operator. For the neutrinos however only the left-handed part can couple. Considering
the symmetry group äHåÈæÃç)èÎé?ê¼åÈæÌë	èÐì for the electroweak interaction, the fermions are
grouped in left-handed doublets and right-handed singlets according to the weak isospin
I of the SU(2) group and the weak hypercharge of the U(1) group. Table 3.2 summarizes
the classification of leptons and quarks together with their fundamental quantum numbers.
Where d’, s’ and b’ are the weak eigen–states which are related to the physical quarks d, s
and b by the Cabbibo-Kowayashi-Maskawa matrix. In terms of this formulation, d’, s’ and
b’ are the eigen–states of the weak interaction whereas d, s and b are the mass eigen–states
of the matrix.
Û Interactions between elementary particles are described by the exchange of twelve spin-1
bosons, four bosons as the carriers of the electroweak force, í
î:ïßðñî
ïóòôîôõ and eight
massless gluons as the carriers of the strong force.
Û The model invokes a spontaneous symmetry breaking process to give rise to the masses of
õ and ïöðEî:ïóò . This process requires the existence of another spin-0 particle called the
Higgs boson.
Due to the topic of the present thesis, only the electroweak sector will be explained here. A
detail explanation of the QCD and QED can be found in [28,32].
3.1 The Weak Interaction
A quantum field theory which explains an interaction should have the property of renormalis-
ability, meaning that the amplitudes for different processes associated with an interaction should
be nondivergent at high energies and to high orders in the coupling constant. The possibility of
performing precision tests of the theory is based on this property which preserves its predictive
1These denotations are related to the words, up, down, strange, charm, botton (or beauty) and top (or truth).
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Fermions Families Q
Leptons ÷ùøFú
ûüþý
÷EøFß
  ü+ý
÷Eø

ü+ý
0
1
Quarks ÷
ý
÷
ý
÷
	

ý
+2/3
-1/3
Table 3.1: Classification of the leptons and quarks families together with their electrical charges.
power also for beyond high order calculations [32, 33]. A prototype of a renormalisable field
theory is the QED explained briefly at the beginning of this chapter.
Historically, the prototype of a weak interaction process was the nuclear  -decay:

û
ü
ø
ú
or in terms of quarks:




ûü

ø
ú
In this model, the interaction between the four fermions involved in the process is effectively
pointlike and it is described by a coupling term  which is the Fermi constant. This model
works properly at low energies, but a high energies ( ﬁﬀﬂﬀﬃ û! ), the cross section for such
processes exceed the so called unitarity limit 2. The fact that the dimension of the coupling
constant " depends inverse on the energy, produces such divergences. It is therefore neccesary
to redefine the weak interaction in terms of a dimensionless coupling constant [34].
The theories tried then, to explain such processes by the introduction of intermediate bosons
in a similar way to the QED theory. Thus, the following features should have taken into account:
# If the interaction is explained as the interchange of bosons, these should be charged in
order to explain the %$ and the  ü decays.
# These intermediate bosons should be massive, since the reach of the interaction is small.
The introduction of intermediate charged vector bosons (called & $(' 

&
ü ) does not elim-
inate however all the divergences and the situation is particular dramatic for weak and electro-
magnetic processes, in which the W boson production in the takes place in the final state as in
ø ø

&)$
&
ü or û $ ûü  &*$
& ü events. The cancellation of the divergences in such pro-
cesses is reached by introducing a neutral boson (called + ). It is natural to assume that the same
neutral boson eliminates the divergences in the weak and the electromagnetic processes. In such
case it is clear that the weak coupling will have the same magnitude as the electromagnetic
coupling.
2This limit is determined by the condition that the scattered intensity cannot exceed the incident intensity of any
partial wave.
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Fermions , ,!- .
Leptons
/102
3ﬁ46587
/109
: 46587
/;0<
=
465>7
1/2 1/2 -1/2
1/2 -1/2 -1/2
3
4
?
:
4
?
=
4
? 0 0 -1
Quarks
/1@
AB
5>7
/DC
E
B
5>7
/"F
GHB
5>7
1/2 1/2 1/6
1/2 -1/2 1/6
@
?
C
?
F
? 0 0 2/3
AIB
?
E
B
?
GB
? 0 0 1/3
Table 3.2: Classification of the left and right–handed leptons and quarks and their fundamental
quantum numbers.
Introducing this neutral boson, the divergences dissapear but there is still a residual diver-
gence if the fermion is considered a massive particle. This divergence can be canceled by the
introduction of further scalar particles, with a special coupling proportional to the fermion mass.
These are the so called Higgs scalars.
3.2 The Electroweak Interaction
The Glashow, Weinberg and Salam model unifies the electromagnetic and the weak forces in an
electroweak interaction based on the local JLKNMPORQTSVU(KNMXWYQ[Z group of transformations.
This theory postulates four massless bosons, arranged in a triplet and a singlet as members
of multiplets of the weak isospin (I) and the weak hypercharge (Y) [33]. Table 3.3 summarizes
these multiplet members:
I Group Multiplet
1 SU(2) \ 9^])_a`9cb _ed9
b _ -9
0 U(1) f 9
Table 3.3: Triplet and singlet members of multiplets of the weak isospin (I) and hypercharge
(Y).
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The gauge bosons are endowed with masses by means of a spontaneous symmetry break-
ing process, which leaves the renormalization of the theory intact as it is explained in the next
section. The massive bosons are denoted by gihjlk gnmjioqp6rts j , and the fourth, the photon, u j
remains massless.
The interaction between the leptons and the quarks to the intermediate bosons can be written
by the Lagrangian: vxwzyH{
jN|
g
j}
y~{6cﬂ
j (3.2)
where  j
w{
jk
{6
jk
{6Ł
j and
{

j are the fermionic currents of weak isospin and hypercharge,

j and

j are the potentials associated to the boson fields and
y
,
y
~
are the coupling constants.
Taking into account the Gell-Mann-Nishjima relation between the electric charge, the hy-
percharge and the third component of the weak isospin, the weak hypercharge can be written
as: { 
j
w{6T
j 
{
Ł
j (3.3)
where
{
[
j is the electromagnetic current, and
{
Ł
j is the third component of the weak isospin.
The physical bosons can be expressed as combinations of the component of the isotriplet of
vector fields  j and the singlet  j . These fields are:
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where g 
Ł
j and

j are orthogonal.
Introducing these expressions in the Lagrangian, equation 3.2, with the Weinberg angle de-
fined by: y
y
~
wz¡¢ﬂ£>¤Y¥
k (3.6)
the Lagrange function for this interaction becomes:
v¦w
y

V§
{
m
j
g
h
j
}
{
h
j
g
m
jt¨
}
y
©«ªR¬
¤
¥
§
{

Ł
j 
¬­
£

¤
¥
{6T
j®¨
s
j
}
y
¬­
£¯¤
¥
{6T
j

j (3.7)
The last equation contains three terms, which correspond to a weak charged current, a weak
neutral current and an electromagnetic neutral current, whose coupling constant should be the
electromagnetic coupling e:
°
w±y
¬­
£²¤³¥
(3.8)
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At low energies the Fermi model of the weak interaction is reproduced and the coupling of
the ´iµ bosons is related to the Fermi constant ¶"· as:
¶·
¸ ¹»º ¼q½
¾ﬂ¿
½
À
(3.9)
Introducing now the relation 3.8 it follows that:
¿
À>Á
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The predicted Û mass is obtained from ¿ À by the relation:
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3.3 The Higgs Mechanism
There is still a remaining question in the model concerning the mechanism which gives rise to
the gauge bosons and fermion masses. The simplest idea could be to add mass terms for these
bosons to the Lagrange density. This procedure, however, violates the local gauge invariance
and leads to a non renormalizable theory [32].
Salam and Weinberg presented a method based on a spontaneous symmetry breaking to gen-
erate the masses for the ´ißDàË´aá and Û bosons. This phenomenon occurs when the fundamental
equations of a system have a symmetry, which is not visible in the ground state. The suggested
mechanism requires additional scalar fields, called Higgs fields. In the minimal Standard model
it is enough to introduce two complex scalar fields, which form a doublet under the weak isospin
group SU(2): â
Âã
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(3.12)
The next step is to look for a Lagrange density, ç1è which contains the coupling of this scalar
doublet field to the gauge field and is invariant under the SU(2) transformations. With these
requirements the Lagrange density has the following form:
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where é ë is the covariant derivate defined as:
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are the gauge couplings for SU(2) and U(1) and
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is the Higgs field self-interaction
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where þ and ß are free parameters. The first term of the Lagrangian is assumed to be positive
defined. The minimum of the energy corresponds therefore to the minimum of the potential
which occurs at:  


þ
ß
(3.15)
 is the vacuum expectation value of the scalar boson field
 
and 	
 v   þqß , so that 	 is
a non-zero constant in the ground state.
Considering a perturbation expansion in lowest order around the vacuum minimum  for this
scalar field, it is possible to obtain from the Lagrange density, the mass associated to this scalar
particle: 
 
ß





þ (3.16)
The kinematic term of the gauge-invariant Higgs Lagrangian gives rise to mass terms for the
vector bosons, which depend on the gauge coupling ﬀ and ﬀﬂﬁ and the Higgs vacuum term  :ﬃ
! (3.17)
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Finally, the fermion masses are obtained from the Yukawa coupling of the Higgs boson to
the fermions, which introduces additional terms in the total Lagrange function.
Chapter 4
The W Physics at LEP2
This chapter presents a general overview of the W boson physics performed at LEP2. The
first section introduces the fundamental measurements and the next section explains the W pair
production cross section and other four fermion processes which contribute to the total cross
section. Finally, the determination of the width, /0 and the mass, 120 of the W are explained
at the end of the chapter.
4.1 Introduction
The LEP 345376 collider at CERN is an ideal environment to study the properties of the gauge
bosons of the Standard Model in the electroweak sector.
The recorded data during the second phase of the accelerator program, LEP2, have improved
our knowledge of the Standard Model from two fundamental measurements [9]:
8 Direct measurement of the W mass which was possible before only in hadron colliders.
Since the W mass is related directly to the fundamental parameters of the electroweak
sector, a high precision measurement of this mass provides stringent tests of the Standard
Model. When it is combined with the mass of the 9 obtained from LEP1, the W mass can
be used to constrain the mass of the Higgs boson [35,36].
8 The structure of the trilinear gauge couplings of the W to Z and : bosons. In the
Standard Model, couplings have the Yang-Mills form, which leads to a proper high-energy
behavior of the W pair cross section. Since these couplings appear in the non-abelian
structure of the Standard Model, their measurement is essential for its direct confirmation
[37].
Couplings which are different to the Yang-Mills form are called anomalous or non-standard.
They lead to high energy cross section and a violation of the unitarity. The center–of–mass
energy at LEP is too low to see a deviating energy behaviour, however it is still possible to
estabilish limits on the anomalous triple gauge couplings by studing both the total W pair
cross section as a function of the center–of–mass energy and the angular distribution of
the W bosons and their decays. In particular, the angular distribution of the W production
is sensitive to non-standard couplings.
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4.2 The W Pair Production
The W pair production from ;<=;7> collisions is described in the lowest order of the perturbation
theory by three different contributions shown in figure 4.1. The first diagram (left) shows the
interchange of a neutrino in t-channel (abelian diagram). The second and the third diagrams
(right) show the production of a virtual ? / @ in s-channel (non-abelian diagram 1).
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Figure 4.1: Feynman diagrams for the W pair production. Abelian diagram (left). Non-abelian
diagrams (right).
In a first step, the calculation of the cross section can be performed at the so called on-shell
Born-level [9]. At this order the W bosons are stable and the cross section has an edge like rise
at a b = 2 c2d , as shown in figure 4.2. This is, however, only an approximation since it neglects
the width of the W boson.
Taking this width into account, the total cross section is given by:
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where b | and b  are the invariant masses and + represents the relativistic Breit-Wigner for
each W boson:
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e
y is here the Born level contribution, which can be written as the quadratic sum of the individual
amplitudes of the Feynman diagrams shown before.
Moreover, it is neccesary to include radiative corrections due to initial and final state radia-
tions 2 (ISR and FSR) [8,9]. ISR is particularly important because it decreases the center-of-mass
energy of the system. This correction has an important effect in the determination of the W mass
by a reconstruction method (see section 4.4.1), because the method uses the total center-of-mass
1Because of the coupling of the three gauge bosons (either WWZ or WW  ).
2Emission of one or more photons on the initial or the final states.
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Figure 4.2: Cross-section for =7$5 events in various approximations: (1) Born (on-
shell) cross-section (dotted line). (2) Born (off-shell) cross-section (dotted dashed line). (3) First
order Coulomb corrections (dashed line). (4) Initial state radiation (solid line).
energy information to improve the mass resolution. The exact knowledge of the energy distribu-
tion of ISR photons is therefore neccesary.
A second important correction at threshold is the so called Coulomb Singularity, which
leads to an interchange of low energetic photons between the W bosons. The exchange of a
soft photon distorts the lineshape of the 5 production. In the case of the resonant W pair
cross-section, the so called CC03 diagrams 3, the Coulomb singularity gives rise to a correction
factor which reaches its maximal value of  C¡£¢¤ at the nominal threshold and drops smoothly
above the threshold, amounting to 2.4% at ¥ ¦ = 176 §¨ª© and only 1.8% at 190 §¨ª© . Figure 4.3
shows the W-pair production cross section as a function of the center-of-mass energies measured
at LEP [38]. The results obtained are consistent with the Standard Model expectation [10,38,39].
3These are the three resonant W pair diagrams shown in figure 4.1.
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Figure 4.3: Measurements of the W-pair production cross section compared to the predic-
tions of RACOONWW [40], and YFSWW3 [41] and GENTLE [42]. The shaded area represents
a ¯±°G²´³¶µ·°G²£¸¹ ( ¯±°G²£¸¹ ) uncertainty on the predictions for º » ¼¾½¸T°·¿¨ÀªÁ ( º » ÂÃ½¸T°
¿¨ÀªÁ ) [38].
4.2.1 Four-Fermion Processes
The resonant CC03 W pair production diagrams, ÀÄ=À7ÅŁÆÈÇÄÇÅ·Æ 4f, shown in figure 4.1,
belong to the general group of four–fermion processes in which four fermions are observed in
the final state, ÀÄ5À7ÅŁÆ X Æ 4f, with the same initial and final state but different intermediate
states and all these diagramas give sizeable contributions.
Figure 4.4 shows all these contributions for the cross section classified in abelian and non-
abelian. The diagrams (a) and (f) contribute to the CC03 diagrams. The resonant CC03 diagrams
can interfere with the other four-fermion processes and these interferences should be taken into
account in the determination of the total cross-section and further analysis of the W boson.
Nevertheless, the usage of the CC03 diagrams only in the W analysis instead of the full set of
four–fermion diagrams is a good approximation since the contributions of the other diagrams are
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small due to the fact that most of the four–fermion contributions are situated in different phase
space regions than the W–pair events. One example of these interferences is given by the ÉÊ5É7Ë
Ì qq’e Í process which is compatible with the diagram (e) in figure 4.4. In this process two
quarks (in the case that ÎÐÏÑÒ5ÓÔ ) or a charged lepton and the corresponding neutrino (in the
case that ÎÐÏÕÑÖ ) appear in the final state. This process is compatible with diagrams (a) and (f)
as final states are identical and therefore they interfere and contribute to the cross section of the
W pair production. The dominant non–CC03 contribution to this process comes from diagram
(e).
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Figure 4.4: Four fermion Feynman diagrams. (a), (b), (c) and (d) corresponds to the
abelian classes. (e) and (f) are the non-abelian classes. B’s denote the following:
Î ÑÒ5ÓÔ=ÓæÎ/.ªÓ5Î107ÓÜÎ Ï¨ÑÒ5Ó÷Ô=ÓhÖÊ5ÖË32547698:8<;>=7?A@CBEDE; .
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The fundamental Feynman diagrams for the most important four-fermion background pro-
cesses are shown on figure 4.5:
F Z( G )-pair production (ZZ)(Z G ) ( GHG )
This process is shown in figure 4.5(a). Below a center-of-mass energy I J = 2 KML , this
process has only a small cross section less than 0.4 pb. Since 1997, when the center-of-
mass energy of LEP increases over 180 N7OﬂP , this channel is dominated by the production
of two real Q bosons, reaching a cross section of about 1 pb. This QQ production is an
important background source for the hadronic and leptonic channels.
F Single Z production ( Q ee)
In this case the intermediate photon is quasi-real and normaly only one OCR is detected (see
figure 4.5(b)). The process has a high cross section and is an important background for
the semileptonic and leptonic channels.
F Single W production ( STOU )
The quasi-real G in the intermediate state causes the scattering angle of the OCR ( OV ) to be
generally very low (see figure 4.5(c)), in most cases it goes along the beam pipe and is not
detected. If it is, however, observed in the detector, it leads to an indistinguible background
event, for final states with O R - UXW pair.
F Multi-peripheral events (Two photon production)
This process, shown in figure 4.5(d) has a very high cross section, but since the fermion
pairs have in general a low mass its contribution to the phase space relevant to the mea-
surement of W properties is relative small. Because of the small angle scattering of O R
and OV these particles go normally along the beam pipe and are not detected. These events
are an important source of background in case of the fully leptonic channel.
Figure 4.6 shows the cross section of the most important processes as function of the center-
of-mass energies at LEP2.
4.2.2 Two-Fermion Processes
Another important source of background events comes from two fermion processes, in which
an intermediate Q / G decays into a pair of fermion-antifermion. Figure 4.7 shows the Feynman
diagrams for such a process.
In such processes the initial state radiation corrections are very important. In case of Y Y
events typically 75% of them have hard ISR such that
I
JZ[K\L (called radiative return events).
The cross section for these processes is high, if the energy of the photon is:
]
G_^
J>`aK\Lcb
d
I
J e
(4.3)
However, these processes are easy to reject, by a determination of the effective I J .
For the fully hadronic S V S R channel, the non-radiative processes are an important back-
ground, since the primary quarks can emit energetic gluons, giving rise to events with more than
two jets in the final state.
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Figure 4.5: Background processes for the WW pair production.
4.3 The Width of the W Boson
As discussed in the last section, the width of the W is a crucial ingredient for the (off-shell)
W pair production cross section, especially in the threshold region.  is determined by the
coupling of the fermions and is related to   in the Standard Model.
In case of W decays to leptons ( X , X ,  X¡ ), there is no mixture be-
tween the individual generations. In hadronic decays, the W boson couples to u-d quarks and
the mixture between the generations is determined by the Cabibbo-Kobayashi-Maskawa (CKM)
Matrix ¢7£ ¤ . The total width is now obtained as a sum of the individual contributions. In a
first step, at Born-level (without radiative corrections), and neglecting fermion masses which are
small compared to ¥ , the partial width for a decay of a W boson to a pair of fermions ¦X§ ¦©¨
§
is
given by:
¥ª«ﬀ¬®­©¯°¦X§ﬀ± ¦
¨
§°²>³ ´
µ¶¸·º¹¼»¾½C¿
¥
À
µ for leptons,
ÁÃÂÅÄÇÆ
§ÉÈ
Ä Ê
for quarks, (4.4)
where ½C¿ is the Weinberg angle,
´
the finestructure constant,
ÁÃÂ
³ Ë
to take into account
the different color charges of the quarks and ÄÇÆ §ÉÈ Ä Ê are the elements of the CKW matrix. The
decay of the W boson in a top quark is forbidden since the mass of this quark is about two times
larger than the W mass. From the remainder six hadronic decays, only two modes give sizeable
contributions to the W width; the Ì Í and ÏÎ · decays. Together with the leptonic
decays ÏX , X and Ï X¡ and neglecting other contributions, the total width
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Figure 4.6: Cross sections for some typical standard model processes.
can be written in a first approximation as:
ÐÑÓÒ3Ô°Õ×Ö$ØÚÙ\Õ<Û ÜÝ
Ñ
Þ
Ø¸ßºà¼á âãCäå
Õ
Ü
æ>ßºà¼áEâ©ãCä
Ý
Ñ (4.5)
Electroweak corrections can be more easily taken into account, defining the lowest order of
Ð
Ñ in terms of the so called ç7è scheme ( ç7è is the Fermi constant) , which uses Ý Ñ , ç7è and
ÝMé instead of ßAà¼á¾ã Ñ and Ü . These corrections remain below 0.5% of the total width.
Further QCD radiative corrections for the hadronic decay modes are practically constant and
equal to
Ø
Üê
Ô°ë
â
ä
ÛíìCÕCî [9]. Taking into account these corrections, the total W width can now be
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Figure 4.7: Feynman diagrams for two fermion events.
written as:

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 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ﬃ (4.6)
The experimental determination of  has not achieved a high precision. The detectors CDF
and D0 at TEVATRON at Fermilab have determined   by an indirect measurement, comparing
the well known width of the Z in leptonic decays with the corresponding   . The result of this
indirect measurement is [43]:
"!

#%$&(')*$+#%$,.-/102#
A second group of measurements performed in CDF and D0 determine  by a direct method
based on the transverse leptonic mass [43]:


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4-/102#
Measurements performed by the four LEP experiments yield a value of [44]:
"!
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The results of the four LEP experiments are shown in Figure 4.8.
4.4 The Mass of the W Boson
At LEP1, the W mass can be determined indirectly from the relation between 	  , 	65 and
the Fermi constant -  , which is known with high accuracy from the decay of the muon. This
relation is given by:
7
!
8
 9
ﬁ
:
<;
9
ﬁ
:>=
9
ﬁ
?
ﬃ

@;BADC
(4.7)
where
ADE
parameterizes the radiative corrections which depend on the mass of the top quark,
FDG
, and the mass of the Higgs boson, FIH . Figure 4.9 shows the first order corrections to the W
propagator.
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Figure 4.8: Combined results for the measurements of the W width compared to the results
obtained by the four LEP collaborations [44].
L
M
L
N
O
P
O
Figure 4.9: First order corrections to the W propagator.
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A direct measurement of QR together with a measurement of S2T allows an estimation of
SIU . A precise determination of Q R can therefore be used to constrain further the range of SIU .
Figure 4.10 shows the world average Q R measurement plotted versus S T obtained from the CDF
and D0 experiments. The solid contour denotes indirect limits derived from electroweak data for
LEP1, SLD and neutrino experiments. The dashed line corresponds to the direct measurements
for LEP2 and TEVATRON. The intersection with the bands corresponds to the limits of the
Higgs boson.
The combination of direct measurements of Q R from LEP2 and from hadron colliders cur-
rently gives [45]:
QVRWYXZ+[]\(^_7`*Z+[%Z^a4bc1d .
The direct measurement is consistent with the indirect value obtained from lower energy data
measurements at e fhgYQji [45]:
Q
R
WYXZ+[3^X_7`*Z+[%Zkl.bc1d .
It is expected that the ultimate LEP precision on Q
R
will be approximately 30 Q>c1d when
all data are included and combining the results of the four experiments.
4.4.1 General Methods to Determine m
R
at LEP2
The two main methods to measure Q R from npoﬀnrq decays are now described. These meth-
ods are based on the sensitivity of Q
R
to the cross section shape of the n o n q production
close to the threshold ( e fsWutv_+t<bc1d ) and on a kinematic reconstruction of the decay products
( e f<wxtv_+tyb7c1d ). For leptonic decays, a full reconstruction of the event is not possible due to
the two neutrinos in the final state.
Threshold Cross-Section Measurement
This method exploits the fact that the n o n q production cross section increases rapidly at
e f = 2 Q R . The threshold method is based on the comparison of the absolute cross section
measurement with a theoretical calculation which has Q
R
as the free parameter. The theory
predicts the cross section with high accuracy and radiative corrections are well under control.
Table 4.1 shows the results obtained by the four experiments with the threshold cross section
method [46].
Experiment Q
R
(threshold)/bc1d
ALEPH [47] XZ+[zt{\4`*Z+[3^l
DELPHI [48] XZ+[]\Z7`*Z+[]\(l
L3 [49] XZ+[3XZ | o~} 
q} 

OPAL [50] XZ+[]\Z | o~} 
q} 

Table 4.1: W mass measurements from the n o n q threshold cross section at e f = 161 bc1d .
The errors include statistical and systematic contributions.
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Figure 4.10: The solid line represents the indirect measurements from electroweak data. The
dashed line corresponds to the direct measurements form LEP2 and TEVATRON.
The W boson mass measured at LEP from the data recorded at threshold for W pair produc-
tion yields to [46]
ŁVvzﬀp+]7 ¡+3¢£¤¥1¦§ *+%(¨+£©
¤1¦ﬀ *+%ª
LEP
§«1¬2
Direct Reconstruction of ­ 
The determination of ŁV via a direct reconstruction is performed in two stages. Firstly, the
invariant masses of the W decay products are reconstructed on an event-by-event basis. The
precision of the reconstructed mass is degraded due to the limited detector resolution. Kinematic
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fits 4 are therefore used to improve the mass resolution and to reject the background. Fits to the
resulting mass spectra to obtain ®¯ are performed in OPAL using three different techniques:
° A Monte Carlo reweighting technique which compares fully simulated 5 mass distributions
to observed mass spectra [51].
° The convolution method uses the convolution of the single event error information with a
semianalytical function in an unbinned maximum likelihood fit [51–53]. The underlying
likelihood parent distribution takes into account the effects of ISR on the mass reconstruc-
tion.
° An analytic fit to the measured mass spectrum using an unbinned likelihood function to
determine ®¯ . The method employs a parameterization based on a Breit-Wigner function
[54].
The direct reconstruction can be used only for hadronic and semileptonic events. Table 4.2
shows the results obtained by the four experiments of LEP with a direct reconstruction. Figure
4.11 shows the comparisons between these results.
Experiment ±B² ±´³¶µ¸·¹ ·º¤»½¼{¾ ±B²~±´³¶µ¸·¹ ·¿º½·À ·¿Á Combined
ALEPH [55, 56] ÂÄÃÅ ÆÄÇ¿ÈﬀÉ>ÃÅ ÃÊÄÇËÉ>ÃÅ ÃvÆ¿Â ÂÄÃÅ ÆÄÊÌ8É>ÃÅ ÃÊÆËÉ>ÃÅ ÃÄÈ¿Ì ÂÄÃÅ ÆÆÄÍËÉ>ÃÅ ÃvÆ¿ÈËÉ>ÃÅ ÃvÆÌ
DELPHI [57, 58] ÂÄÃÅ ÇÂ(ÎÉ>ÃÅ ÃÂÄÂËÉ>ÃÅ ÃvÆ¿Â ÂÄÃÅ Ç¿ÌÏﬀÉ>ÃÅ ÃÊÆËÉ>ÃÅ ÃÊÄÇ ÂÄÃÅ ÇÂÃËÉ>ÃÅ ÃÄÈvÇÐÉ>ÃÅ ÃvÆÌ
L3 [59, 60] ÂÄÃÅ]ÏÄÌvÇ§É>ÃÅ ÃÂÄÍËÉ>ÃÅ ÃvÆ¿Ê ÂÄÃÅ ÆÄÊ(ÎÉ>ÃÅ Ã¿ÌÄÌ8É>ÃÅ ÃÊÄÍ ÂÄÃÅ ÇÊÄÏ§É>ÃÅ ÃÄÈvÂÐÉ>ÃÅ ÃÄÈÄÏ
OPAL [61, 62] ÂÄÃÅ]ÈÎÃ§É>ÃÅ ÃÊÌﬀÉ>ÃÅ ÃÇ(Î ÂÄÃÅ ÆÄÃÄÂ§É>ÃÅ ÃÊÄÊ§É>ÃÅÑÎ½ÃÄÃ ÂÄÃÅ ÆÄÂÊËÉ>ÃÅ ÃÄÈvÇÐÉ>ÃÅ ÃÇÄÍ
Table 4.2: W mass measurements from direct reconstruction ( Ò Ó = 172-202 ÔÕ1Ö ). Results are
given for the semi-leptonic, hadronic channels and the combined value. The errors are statistical
and systematic, respectively. The combined values of ® ¯ from each collaboration take into ac-
count the correlated systematic uncertainties between the two channels and between the different
years of data taking. The ×pØﬀ×ÚÙ6ÛÝÜÞ Üàßávâã results from the ALEPH and OPAL collaborations
include mass information from the × Ø × Ù Ûäá1âãá{åæâãèç channel.
The W boson mass measured at LEP using a direct reconstruction method yields [44]:
®V¯é£êëíìÕvî{ïðìñÕvî{òóÓ1ô¦õ÷öùøú+ô]û(üø7ý*ú+ô3þúé£Ó¤ïßï1ô¦õ§ý*ú+ô%úþ é£Ó
Ó¤ï1ô¦õ÷ÔÕ1Ö2ô
When this is combined with the result obtained from the threshold cross section measurement
one obtains a W mass measurement of [44]:
®¯"öYøú+ô]û(üý*ú+ô%úû .ÔÕ1Ö2ô
4The kinematic fit is defined employing energy and momentum conservation based on the precise knowledge of
the beam energy of and direction as constraints.
5Taking into account all the detector effects.
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W-Boson Mass  [GeV]
mW   [GeV]
c
 2/DoF: 0.1 / 1	
80 80.2 80.4 80.6
pp- -colliders 80.452 ± 0.062
LEP2 80.427 ± 0.046
Average 80.436 ± 0.037
NuTeV/CCFR 80.25 ± 0.11
LEP1/SLD 80.374 ± 0.034
Figure 4.11: W mass values by direct, 
 
 / LEP2, and indirect, NuTeV/ LEP1 measurements.
4.5    Decays
W pair events can be classified by the decay products in three different channels: hadronic
 ﬁﬀﬂﬃ  
, semileptonic
! ﬁﬀ#"%$'&
and leptonic ()"%$'&*",+-$'&/. . The
final state in these channels is characterized by four quarks in the hadronic channel, ( 0   ﬀ ,


ﬁﬃ 
 ), by two quarks one charged lepton and the corresponding neutrino in the case
of semileptonic decays, ( 102  ﬁﬀ43(5"%$'& ) and by two charged leptons and the corre-
sponding neutrinos in leptonic decays, (   5"ﬂ$'&ﬂ3  " + $ & . ).
6 Fully hadronic channel.
The typical topology of a hadronic event consists of four or more energetic jets in the
final state. Figure 4.12 shows an example of




 
ﬀ
ﬃ 
 
candidate recorded
at 7 8 =192 9;:ﬂ< by OPAL. This channel has a high multiplicity and visible energy and
its branching ratio is the biggest of the three possible W pair decays (46%). The main
background to this four-jet topology comes from :  :   events.
In the case of a direct reconstruction method to obtain the mass, a jet finder is used to force
the selected events to contain four or five jets [63]. These jets are usually reconstructed
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using both tracks and calorimeter information combined to give the best resolution. =?>
may be reconstructed by forming the invariant mass of pair of jets.
A conceptual difficulty of this channel is the combinatorial background, since the four
jets can be combined in three ways to form the two W bosons candidates. A further
problem are the final state interaction effects, such as Bose-Einstein correlations or color
reconnection [64,65] which can influence the reconstructed event mass and therefore = > .
Y
X
@
Z
Figure 4.12: ABACDEF EﬁGﬂEH EI candidate recorded by OPAL at J K =192 LNMﬂO . The tracks in
the center correspond to the four jets reconstructed in the central detector. The blocks after the
central detector are the electromagnetic and the hadronic clusters of energy in the calorimeters.
The arrow pointing out the hadron calorimeter describes the muon escaping towards the muon
detector.
P Semileptonic channel
This channel is characterized by the presence of two or more hadronic jets, an isolated
energetic lepton (or a narrow jet in case of hadronic Q decays) and missing energy and
momentum due to the undetected neutrino (see figure 4.13 for a AB(ACD2E
F
EGSR%T'U can-
didate recorded at J K = 192 LNMﬂO by OPAL). The branching ratio of this channel is 44%.
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The background is very low and only in the case of V4VXWY , Z'[(ZX\]V V processes contribute
to the background [66].
The mass of the W boson can be estimated by forming the invariant mass of the hadronic
system, using the full information of the event in a kinematic fit. In this case, the hadronic
system is forced into two jets, which are reconstructed as in the fully hadronic channel.
Y
^
X@Z
_
Figure 4.13: ` [ ` \ ]ab aﬁc#dﬂY'e candidate recorded by OPAL at f g =192 hNZﬂi . The two quarks
are represented by the two jets in the central detector. The corresponding charged lepton is a ZX\
which flies towards the electromagnetic calorimeter. The dotted arrow is the missing momentum
due to the not observed neutrino.
j Fully leptonic channel
Purely leptonic decay modes of a W pair, although small in rate (these decays comprise
10% of the total `[`\ cross section), give the cleanest signal of the W pair production
processes in Z'[ZX\ collisions. This channel is characterized by two acoplanar charged
leptons and a large missing energy due to at least two unobserved particles in the final state
[9]. Figure 4.14 shows a `[`k\])dﬂY'eld#mnY'epo candidate with two muons in the final state
recorded at f g =196 hNZﬂi by OPAL. Although a full reconstruction of leptonic events is not
4.5. WW DECAYS 41
possible due to the two neutrinos in the final state, the absence of final state interactions
and hadronisation uncertainties make this channel particularly attractive. The dominant
background sources are qsr't , ZZ and dilepton events.
Y
XZ
_
Figure 4.14: qu(qvw)x%t'y*x,z{t'yp| candidate recorded by OPAL at } ~ =196 Nrﬂ . The two charged
leptons are represented by the two tracks in the central detector. The two arrows escaping from
the last blocks (which are the hadron calorimeter) correspond to the two muons which fly towards
the muon detector.
Chapter 5
The Selection of Fully Leptonic Events
This chapter describes the selection of k)ﬂ'l#n'p events used for the determination of
Ł
. The Monte Carlo generators used to simulate the signal and background processes are as
well described at the end of the chapter.
During the on-line reconstruction, the events pass a first classification based on a set of
conditions imposed by the filter system (see chapter 2). The accepted events are recorded and
subjected to a refined off-line reconstruction. The present Ł? analysis makes use of the WW113
software package [67], a set of FORTRAN programs designed to standardize the jet and tracks
selection, momenta and energy determination, error parameterization, kinematic fitting and sys-
tematic study of     production at OPAL. The WW113 package consists of independent
subroutines which can be used very flexible in each individual study.
The signature of the     5ﬂ'   p channel is an acoplanar lepton pair. Di-lepton de-
cays of W pairs lead to six different classes, ﬂ ,  ,  , ﬂ , % and  in ratios 1 : 1 : 1 : 2 : 2
: 2. Experimentally these di-lepton classes lead to three quite different signatures depending on
the number of  ’s in the final state. Four ninth of the events have two long lived charged leptons
(e,  ) in the final state originated directly from W decays, four ninth have one such lepton and
in one ninth both W bosons decay into tau leptons. Two thirds of the cross-section corresponds
to events in which the leptons are of different flavor [68].
The main background are leptonic decays in ﬂN , ﬂNﬂ and ﬂNs' events.
These sources comprise 30%, 40% and 15% respectively of the total selected background cross-
section for the     5%'  '  events [68]. Other background sources such as ﬂN)ﬂ ,
ﬂN) and ﬂ;2 and two photon production of di-leptons, contribute as well at a small
level.
5.1 The Selection of Fully Leptonic Events
The tracks and electromagnetic clusters of all possible event candidates pass through a first
common set of quality cuts. The aim of these cuts is to avoid fake signals coming normally
from electronic noise in the different parts of the detector. The most important quality cuts can
be summarized as follows [69]:
’Good tracks’ in central detector:
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 A minimum transverse momentum: s%X¡ ﬂ¢
 A maximum total momentum to avoid wrong measurements: ¡£¤¦¥-¨§sﬂ©(ª«ª­¬N ﬂ¢
 Minimum number of hits in the jet chamber: ®°¯²±X
 Minimal radial distance from the interaction point: ³ ´µ³ﬁ£¤±ﬁ¥¶;·ﬂ¸
 Minimal distance from the interaction point in the beam direction: ³ ¹%µ³ﬁ£º±»·ﬂ¸
’Good cluster’ in the electromagnetic calorimeter:
 In the barrel region at least 1 block is required and an energy larger than 100 ¡ ﬂ¢ .
 In the endcap region at least 2 blocks are required and an energy larger than 250 ¡ ﬂ¢ .
Further energy cuts are defined for clusters in the forward detector (FD), in the gamma catcher1
(GC) and in the silicon–tungsten luminometer (SW) to complete the set of conditions which
define the quality cuts [69]: ¼¾½¿À¤;¬N ﬂ¢ , ¼­ÁÂ0¤N¬; ﬂ¢ and ¼­ÃÅÄÆ¤±;¬N ﬂ¢ .
5.1.1 The Preselection
An event is selected as a Ç © ÇÈÉ5Ê%Ë'ÌlÊ#ÍnË ÌpÎ candidate if it passes a series of cuts defined to
isolate the signal events and to reject the dominant backgrounds.
In the first step high multiplicity events are rejected defining the following conditions:
 The charged track multiplicity is between 1 and 8.
 The number of charged tracks plus electromagnetic clusters does not exceed 15.
In the next step jets are reconstructed using a cone algorithm [70]. In this algorithm, a jet is
defined as a set of particles whose momentum vectors lie within a cone of half–angle Ï , such
that the axis of the cone coincides with the momentum sum of the particles contained. The total
energy of the set of particles is required to be greater than some cutoff Ð . Thus the results of the
jet finding depend on two parameters, Ï and Ð . The values chosen for these parameters when the
cone algorithm is applied to observed tracks and calorimeter clusters are the following:
 A half-opening angle Ï of 20 degrees is defined.
 A jet energy Ð , larger than 2.5 ¬N ﬂ¢ is required.
Only those events with 1–3 identified jets are considered further in the general selection. The
preselection efficiency for the signal, Ç © ÇÈÉ5Ê%Ë'ÌÊ,Í{Ë ÌpÎ is estimated to be around ÑÒﬁ¥¶»ÓÔ¦¥-'Õ .
The jet multiplicities are expected to be in the ratio 0.059 : 0.905 : 0.036 for mono-jet, di-jet and
tri-jet respectively after the preselection [71].
1The space between the forward calorimeter and the endcap lead glass causes a gap in the calorimeter acceptance
in the polar angle between 142 and 200 mrad. This gap is covered by the gamma catcher.
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5.1.2 The Two-Jet Selection
The general selection for di-lepton events requires a pair of leptons and a significant missing
energy and momentum due to the non-observed neutrinos in the final state. The principal cuts of
this selection are [72]:
Ö A minimum acolinearity angle, ×ÙØÅÚpÛlÜÝ¤Þ Û is required. This angle is defined as ß%àXáXâ minus
the angle ã between the two charged leptons. Figure 5.1 shows the geometrical definition
of the acolinearity angle. Figure 5.2 shows the acolinearity angle cut.
q
q
acol= 180 - q
o
l
l
1
2
Figure 5.1: Geometrical definition of the acolinearity angle.
Ö A minimum scaled transverse momentum, ä!å : ä!åæèçåé4ê»ë/ì*ØÅíÝ¤Þî , is required where
ç
å is the momentum component perpendicular to the beam axis and ê»ë/ì*ØÅí is the beam
energy. Figure 5.3 shows the ä
å
cut.
Ö A number of Standard Model processes can lead to high energy particles which travel
along the beam pipe and are not detected. They give rise to missing momentum along the
beam axis. The selected candidate should therefore have a significant missing momen-
tum in the plane perpendicular to the beam axis, ç íðï-ñ*ñ
å
and a total missing momentum
vector which does not point along the beam pipe to avoid such background events. A
conventional cut on the direction of the missing momentum is made: òó,ôõöã íðï-ññ÷%ø òﬁù²á¦úüûÞ .
Ö Other Standard Model events containing neutrinos, specially those which come from
ý'þýXß  events, or poorly measured particles represent a potential background. In
these events the value of ç íðï-ññ
å
can be large and the missing momentum vector may have a
big angle with respect to the beam axis. However, most of the Standard Model events tend
to be approximately back-to-back in the plane perpendicular to the beam axis (coplanar).
In these coplanar events, the component of ç í­ïnññ
å
which is perpendicular to the event thrust
axis2 in the transverse plane,  íðï-ññ
å
, is much less sensitive than ç í­ïnññ
å
to the presence of
neutrinos which come from tau decays or poorly measured particles. A cut on  í­ï-ñ*ñ
å
is a
2The thrust axis n is defined as the direction which maximizes

	  

	  

	 



where i runs over all momenta of charged tracks and clusters.
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Figure 5.2: Acolinearity cut for di-lepton events at a center-of-mass energy of 189  . All
other cuts which define the selection are already applied. Events to the right hand side of the
arrow are accepted. The hatched region corresponds to the background events.
more effective way to remove this background than a cut on the acoplanarity angle. Figure
5.4 shows the geometrical definition of ﬁﬀﬃﬂﬂ . The cut is: ﬁﬀﬃﬂﬂ !#"%$'&)(
+*-,/.0,2131
[73]. Fig-
ure 5.5 shows the  4ﬀﬃﬂ)ﬂ !#"5$'&(

cut distribution for a center-of-mass energy of 189  .
In addition to the cuts described above further requirements are imposed as background vetoes:
6 A potential background arises from lepton pairs of two-photon processes in which one
of the initial electrons is scattered under large angle to the beam direction. Cuts in the
forward region (SW, FD and GC) suppress such events:
– Events with a total energy in the FD and the SW in either z-hemisphere exceeding
80% of the beam energy are rejected.
– GC clusters with energy exceeding 5  are rejected.
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Figure 5.3: 8:9 cut for di-lepton events at a center-of-mass energy of 189 ;<= . All other cuts
which define the selection are already applied. Events to the right hand side of the arrow are
accepted. The hatched region corresponds to the background events.
> An additional cut is introduced using the MIP plug detector. This detector consists of
four layers of scintillating tiles installed at each end of the OPAL detector. The aim of the
MIP plug is to provide a hermetic coverage for muons for ?A@CB3D mrad. If the angular
region is not covered, muons can escape detection and this can lead to a background from
<FEG<HJIKELIMH events in which one electron and one muon were observed in the detector.
Using the MIP plug detector, candidate events are vetoed if they contain coincident hits in
two or more scintillator layers in the MIP plug at the same N and at the same end of OPAL.
The efficiency to detect a muon with these cuts is measured to be OP%QSRT .
The analysis presented in this thesis makes used of leptonic events with exactly two identified
leptons only. A total of 761 events at the center-of-mass considered in the analysis, from 183
to 202 ;<= , are observed in the data. Table 5.1 summarizes the observed number of events
for each center-of-mass energy together with the corresponding luminosities. Figure 5.6 shows
distributions of the reconstructed visible energy fraction for the six different di-lepton event
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Figure 5.4: Geometrical definition of the UVﬁWﬃXXY variable.
classes.
ECM ( Z[\ ) ] ( ^`_JaJb ) cedLc+agfihkjFl)hnmoj l'p
183 57 71
189 183 278
192 29 52
196 77 144
200 74 134
202 37 82
Table 5.1: Integrated luminosities and number of c d c a fihkjFl)h m jFl p events for the data from
183 to 202 GeV.
5.2 The Di-Lepton Classification
The lepton classification is based on the lepton identification described in the following subsec-
tion as well as the observed track multiplicity in each jet. It is further refined by momentum
cuts dependent upon the acolinearity angle. The main purpose of this refinement is to re-classify
identified e and q with low momenta which are more likely to originate from r decays as r
candidates [74].
5.2.1 The Lepton Identification
The lepton flavor identification is performed by different routines implemented in the WW113
package.
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Figure 5.5: tuﬁvﬃwwx cut for di-lepton events at a center-of-mass energy of 189 yz{ . All other cuts
which define the selection are already applied. Events to the right hand side of the arrow are
accepted. The hatched region corresponds to the background events.
The electron identification, employs the ratio of the energy deposit in the electromagnetic
calorimeter to the track momentum, E/p. This identification tries to use the smallest possible
number of subdetectors (only the jet chamber and barrel and endcap electromagnetic calorime-
ter are used) in order to have a high efficiency. An important background source for the electron
identification are tracks from | -conversion into an zF}Gz~ pair. If one of the tracks has low mo-
mentum such that the other one passes the isolation cut or if the tracks are close enough to be
reconstructed as a single one, the track can pass as an isolated electron [75]. A standard OPAL
finding routine IDGCON 3 [76] is used to remove such tracks. This package uses the dE/dx
measurements to remove background. Converted | ’s in which the tracks are too closed to be
distinguished tend to give dE/dx measurements higher than those expected for electrons. The
dE/dx value of the electron candidate is required to be within three standard deviations of the
expected value for an electron.
The muon identification requires a minimum number of associated hits in either the muon
3This routine checks if a track is compatible with an electron or a positron originating from a gamma conversion.
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Figure 5.6: Distributions of visible energy scaled to the center-of-mass energy,  , for the six
di-lepton classes selected as ŁLŁgFoF events. The data are shown as the points and
the error bars denote the statistical errors. The total Monte Carlo expectation is shown as the
histogram with the non-kL
K`/ background contribution shown by the hatched histogram.
chamber or the hadron calorimeter. Furthermore, the energy deposit in the electromagnetic
calorimeter must be small. Thus if a muon track has an associated electromagnetic cluster,
its energy must be less than 3  in the barrel and end caps regions of the detector or less than
5  in the overlap region /+ ¡n¢2£:¤¥ ¦-/¨§3© .
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5.2.2 The Momentum Variation with Acolinearity
The energy and momentum of a lepton which comes from a W decay can be determined from
energy and momentum conservation in the W rest frame.
The momentum depends on the decay angle ª¬« of the lepton with respect to the W direction
in the W restframe (see figure 5.7):
­®ﬁ¯
­°
±³²µ´4¶S·¹¸nº2»
ª
«n¼ with
·
¯¾½
°
­° (5.1)
½
°
is the momentum of the W boson and ­%° is its energy.
q *
W direction
l
Figure 5.7: Leptonic decay of a W boson. ª¬« is the angle between the initial W direction and the
lepton in the W rest frame.
If the lepton is produced in the same direction than its parent W, it will have the maximal
energy and if it is emitted in the opposite direction to the initial W boson it will have the minimal
energy.
In an event, the two W bosons produced from an ¿FÀK¿Á collision are emitted back-to-back4 .
If the leptonic decays from both W bosons take place in the same direction than its parents,
the ª « angle will be almost zero and they will tend to have high momenta (see figure 5.1). In
this case the two charged leptons will be emitted almost back–to–back and the event has low
acolinearity. In the case that both leptons are emitted in almost the same direction, the event has
a high acolinearity.
The scaled momenta for the higher momentum lepton ÂÄÃ 5 and the lower momentum lepton
ÂÆÅ are studied with Monte Carlo events. Figures 5.8 and 5.9 shows these distributions at low
and high acolinearity for the different lepton event classes identified from Monte Carlo tree level
information.
In both cases, at low and at high acolinearity, differences are observed between ÇÈÇ 6 and ÇÉ
events. In ÇÉ events, the visible particles coming from a É will have less energy than the electron
or muon which are originated directly from the W boson due to the extra neutrino in the É decay.
A comparison between low and high acolinearity plots shows a larger number of events
along the ÂÆÅ axis in the case of high acolinearity. This is in agreement with the hypothesis that
one particle is emitted forwards with respect to its parents W and the other particle is emitted
backwards.
4Neglecting effects of initial state radiation.
5 ÊGËÌÎÍË¨ÏÈÐ:ÑÓÒÕÔ'Ö where Í#Ë denotes the momentum of the lepton i.
6Here × means ØÈÙ or Ú .
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Figure 5.8: Di-jet events measured at 189 ÛÜÝ with low acolinearity ( Þßáà-â3ãnä2åﬃæﬃçÜkâèÈæoéëêìàíkî#ß ).
The measured momentum distributions are scaled by the beam energy. The left hand plot con-
tains ïÈï events ( ï is an electron or a muon) and the right hand one contains ïð events. The lepton
class identification is determined in both cases from Monte Carlo tree level information.
Figure 5.9: Di-jet events measured at 189 ÛÜÝ with high acolinearity
( íÞ2î#ßÄà-â3ãnä2åñæﬃçÜkâèòæoé)êìàíkóÞß ). The measured momentum distributions are scaled by the
beam energy. The left hand plot contains ïï ( ï is an electron or a muon) events and the right
hand one contains ïð events. The lepton class identification is determined in both cases from
Monte Carlo tree level information.
These observed differences at low and high acolinearity for the ïÈï and ïð events motivate
the development of acoplanar dependent cuts on these variables, ôÄõ and ôÆö to optimize the
efficiency matrix. In this matrix, each element represents the fraction number of events selected
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and classified in a particular channel divided by the total number of Monte Carlo tree level events
for that channel. The sum of each column gives the total efficiency  for each class taking into
account all the other di-lepton events. The classification purity  , is defined as:
 



	







 (5.2)
where  is a weight factor whose value is 2 in case of  ,  and  events since there are two
possibilities to obtain each combination and 1 in case of  ,  and  events and  


are the
different matrix elements.
The relative performance of a group of cuts can be determined by the calculation of a factor
’D’ which is defined as the sum of the diagonal elements of the efficiency matrix divided by the
total sum of all elements:
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 (5.3)
If each selected event was correctly classified, ’D’ would be 100%. Before the acolinearity cuts
definition this parameter had a value of  "!$#%&'!)("* . After the inclusion of these cuts, its value
is improved to + ,-!/.0%1&'!/,2* . A complete description of the method and the numerical cuts used
in the analysis can be found in [74].
The efficiency matrix for all 2 jets events after these new acolinearity dependent momentum
cuts have been applied is shown in table 5.2. Figure 5.10 shows the selected di-lepton types after
the descripted selection.
MC Truth 3      Purity
S
E 3 72.4 0.3 6.6 0.0 0.0 1.0 83.0
L  1.3 71.1 5.4 0.6 7.2 1.6 83.2
E  7.1 3.5 58.3 0.0 1.1 10.7 81.2
C  0.0 0.7 0.0 70.7 4.5 0.2 87.0
T  0.0 2.7 0.3 5.2 56.0 6.9 86.1
E  0.4 0.3 3.5 0.2 3.2 41.8 74.1
D
Table 5.2: Efficiency Matrix for two jets events at a center-of-mass energy of 189 4056 after
acolinearity dependent momentum cuts have been applied.
5.3 Background Sources for 7 897 :<; =?>A@B=DCE>F@G Events
Backgrounds to the H ø H ù ûiüþ3Iµü ß þ3IKJ event selection can be grouped into three different
classes [69].
L The first class consists of background processes which do not contain two leptons and
two neutrinos in the final state. The  -pair, two-photon and MN55 events belong predom-
inantly to this type of background. This class contributes an expected , +O%P# #QSR to the
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Figure 5.10: Selected di-lepton type after the selection described in section 5.2.2. The hatched
region corresponds to background events.
total selected WYXZW\[^]`_a3bc_eda3bKf cross section. Figures 4.5(b) and 4.5(d) show the corre-
sponding Feynman diagrams for these events.
g The second class consists of an irreducible background from _ X _ [ a3bKf a"bKf final states which
can only be produced by neutral current diagrams as the neutrinos have a different lepton
flavor than the charged leptons. Leptonic decays from hh and Z i processes contribute to
this class. Figure 4.5(a) shows the Feynman diagram for this background source. Since the
neutrinos are unobserved, these final states are indistinguishable from the signal events in
terms of the event topology. This class contributes an additional jlkm1noﬃp of background
to the inclusive WYXZW\[^]`_a3bE_edqa3b f selection.
g The final class of background is the difference between the complete four-fermion cross
section and the theoretically predicted rate from CC03 diagrams for WYXZWr[^]s_a3bc_tdqa3bKf
final states. This includes neutral-current processes in the final states where the two
charged leptons are of the same type ( _XDa-_B[a ). Only u3u , vv and ww events have con-
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tributions from such diagrams. Four-fermion processes with an xzy in the final state ( x3{-|{ )
contribute as well to this class of background. Leptonic decays from }~x3{ events belong
to this background. Figure 4.5(c) shows the corresponding Feynman diagram. This non
CC03 production and the interference between the CC03 and the non CC03 diagrams con-
tributes a large cross section of  FP0ﬃ which is treated as a background in the CC03
selection and is also largely irreducible within the detector acceptance.
The errors on the accepted background cross sections include all systematic uncertainties
and the effects of limited Monte Carlo statistics. A summary of the accepted background cross-
sections is given in Table 5.3. The dominant systematic error associated with the leptonic back-
ground estimate is due to the four-fermion correction. The accepted four-fermion background
rate is estimated from the difference observed in KORALW four-fermion and CC03 samples with
equivalent EXCALIBUR samples providing a cross-check.
Source Cross-section (fb)
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Table 5.3: Accepted background cross sections for the 189 0x r}YZ}ry^¡s|{3c|tŁq{3

selection
in fb. All errors include both statistical and systematic uncertainties.
5.4 The General Monte Carlo Generators Description
The different Monte Carlo generators used in the present analysis for the simulation of }¢}\y
signal and the corresponding background events are now briefly described [77,78]:
£ Signal Generator:
– KORALW [79]
This is the standard generator to perform }YZ}\y studies in OPAL. This program
includes the leptonic decays of W bosons and secondary decays, i.e in the tau lepton
decays. Effects of initial and final state radiations are implemented too. Hadroniza-
tion of quarks is performed using the program JETSET [80]. KORALW includes an
interface to the GRACE [81] library to calculate multi-diagram matrix elements.
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¤ Background Generators:
– BHWIDE [82]
The program evaluates the Bhabha cross sections at LEP1 and LEP2 energies. It is
used in this analysis to generate Bhabha final states for background processes.
– KORALZ [83]
This program simulates the process of fermion pair production, where the fermion
can be a lepton or a quark. KORALZ is used to generate ¥¥ and ¦¦ di-leptons back-
ground processes.
– PYTHIA [80]
This generator is the standard package to produce ZZ and Zee processes for back-
ground events. For applications at LEP2, the JETSET [80] package is implemented
together with PYTHIA, providing together a wealth of different hadronic and also
non-hadronic processes.
– RADCOR [84]
This generator is used in the analysis to simulate four-fermion processes for §3¨Z§z©¢ª
«¬« events.
– VERMASEREN [85]
This program performs calculations of § ¨ § © ª­§ ¨ § ©¢® ® events via «N« collisions. In
this analysis it is used for the two-photon background.
¤ Generators for further Systematic Checks:
– EXCALIBUR [86]
The program EXCALIBUR evaluates cross sections for § ¨ § © scattering into all pos-
sible four-fermion final states. EXCALIBUR has the restriction that the fermions are
massless. The OPAL analysis employs an additional interface with JETSET to include
the mass of the fermions. EXCALIBUR is used in the analysis to check Monte Carlo
systematic uncertainties due to the differences between samples which include all
possible four-fermion final states and those which include CC03 diagrams only.
– GRC4F [87]
This program is based on GRACE and allows the full set of four-fermions in the
final state, including the interferences between them, to be used. Final state inter-
action effects also are implemented. In the present analysis, it is used together with
EXCALIBUR to perform Monte Carlo systematic uncertainties checks.
5.5 The Cross Section for ¯ °±¯ ²<³ ´?µF¶´¸·¹µF¶º Events
The fully leptonic event selection has a very small background and is therefore well suited to
measure the four-fermion cross sections for the six charged di-lepton final states. These states
have contributions from WW, ZZ, »~§3¼B½ , ¾N§ ¨ § © and ¾¼ ¼ diagrams and their respective interfer-
ences.
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The four-fermion cross sections are defined taking into account the following kinematic
acceptance cuts [72]:
Ê At least one of the charged leptons is produced with ËEÌeÍ2Î¬ÏNËlÐÒÑ'Ó/ÔzÑ .
Ê Both charged leptons are produced with ËEÌeÍ2ÎÏNË-ÐÑ'Ó/Ô Ô .
Ê The invariant mass of the system must be greater than 10 Õ×ÖØ and the transverse momen-
tum must have ÙÚ¢ÛBÜ?ÝÞàßcáâÒã2ä .
The corresponding values for the six individual cross section are shown in table 5.4. The
results obtained are in good agreement with the Standard Model rates.
Ö3À¢ÖzÁåÃ Measured cross section (fb) Expected value (fb)
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Table 5.4: Four fermion Å À Å Á É É individual cross sections at 189 Õ0ÖØ . The errors are the
statistical and the systematic uncertainties respectively. The expected cross section values within
the Standard Model are calculated using the KORALW four fermion Monte Carlo generator.
The selection efficiency is estimated to be ( ôBûÓ/þ
î
Ñ'Ó
ø
)%, where the error is the statistic
uncertainty. This efficiency is obtained for a center-of-mass energy of 189 Õ0ÖØ and takes into
account all leptonic ß À ß Á decays. Efficiencies for each individual di-lepton pair are shown
in table 5.5 [69]. Since the efficiencies shown in this table correspond to those obtained after
the whole selection, the values differ from those shown in table 5.2 which shows efficiencies
after acolinearity momentum cuts have been applied. Similar values are obtained at the other
center-of-mass energies of 183, 192, 196, 200 and 202 Õ0ÖØ .
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Table 5.5: Individual efficiencies for the selection of each di-lepton event class measured at
a center-of-mass energy of 189 Õ0ÖØ . These efficiencies are evaluated with KORALW CC03
Monte Carlo samples.
Chapter 6
Variables sensitive to  for Fully
Leptonic Events
As explained in section 4.5, there are not enough constrains to reconstruct fully leptonic events
with a kinematic fit, thus the determination of 	 from leptonic decays must employ alternative
methods.
6.1 The Leptonic Energy
The end-points of the leptonic energy spectra in 

ﬀ
ﬂﬁ
events depend on the W
mass. Neglecting the mass of the charged leptons and the finite width of the W boson, the
energy of the charged leptons, ﬃ , can be written in terms of   as [88]:
!
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&.-0/

1
&
23	46587
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' (6.1)
where s is the square of the center-of-mass energy and
-
/

is the angle between the lepton direction
measured in the W rest frame and the direction of the W in the laboratory frame. The latter is
not known, so the measured energy is integrated over *,
&.-
/

, resulting in a distribution which
end points depending on the W mass.
In practice, however, the end-points of the distribution are considerably smeared by finite
width effects, by Initial State Radiation and by the detector resolution. These effects weaken the
sensitivity of this variable.
Figure 6.1 shows this dependence of ﬃ: on   without taking into account additional de-
tector effects. When   increases, the ﬃ distribution becomes narrower, whereas if  
decreases, the lepton energy distribution becomes broader. The present analysis makes use of
the information from the energy of both charged leptons in an event.
6.2 The Pseudomass
In order to include the information from the angle between the two leptons and the correlation
between their energies a second kinematic variable, the so–called pseudomass, is used in the
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Figure 6.1: Leptonic energy in @BAC@DEFGHFIﬀG
HﬂJ
events produced at 189 KMLON for P	Q =
80.33 KMLON (solid line), P Q = 78.33 KRLON (dashed line) and P Q = 82.33 KMLON (dotted line).
The spectra are generated with Monte Carlo without additional detector effects.
analysis. The calculation of this variable is based on an approximative reconstruction of the
event. The total reconstruction of the event consists of the determination of the four–momenta
for both charged leptons and the two neutrinos, 16 quantities in total. The four-momenta of the
two charged leptons are measured. The total reconstruction therefore depends on the determi-
nation of the two momenta of the neutrinos [89]. Assuming massless neutrinos and using the
standard constraints of a kinematic fit, the four–momentum conservation and assuming that both
W bosons have equal mass, seven more quantities can be obtained. A general description of
the method can be found in Appendix A. In order to get the missing constraint, an additional
arbitrary constraint is defined. If one assumes that both neutrinos are in the same plane as the
charged leptons (this corresponds to setting the coefficient c shown in Appendix A to zero), it is
possible to reconstruct the event and to calculate the W mass as a function of the momenta of the
charged leptons, their masses and the beam energy. Since this assumption is in general not true,
this reconstructed mass is called the pseudomass. Due to a twofold ambiguity, two solutions are
found for this variable:
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masses and F

F are their three–momenta. In the present analysis the charged leptons are con-
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sidered to be massless particles because the values of these masses are very small in comparison
with the beam energy.
The sensitivity of both solutions was studied with Monte Carlo, which showed that only the
larger solution, T , is sensitive to   . The dependence of the pseudomass on   for this
solution is illustrated in Figure 6.2. Since the condition to define the last constraint which solves
the system is arbitrary, a small constant angle, between the plane of the neutrinos and the plane
of the charged leptons could also be used. The sensitivity of the measurement is independent of
the chosen angle.
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Figure 6.2: The pseudomass in   8ŁOsxﬀ events produced at 189 MO for 	 =
80.33 MO (solid line),   = 78.33 MO (dashed line) and   = 82.33 MO (dotted line). No
additional detector effects are taken into account.
6.3 Classification of Events
In the present analysis, identified taus are rejected since they dilute the sensitivity in the leptonic
energy and the pseudomass.
The resolutions obtained for electrons and muons differ significantly at high energies. For
45 MO electrons, the electromagnetic calorimeter energy has a resolution of approximately
3%, whereas for  at the same energy, the charged track momentum measured using the cen-
tral tracker delivers a resolution of approximately 8% [14]. To maximize the sensitivity of the
measurement, electron and muon measurements are considered separately in the 	 analysis
defining different classes of events for both the pseudomass and the leptonic energy analyses.
In the case of the leptonic energy the information of both charged leptons is used inde-
pendently. For this variable two different classes are defined; the first class contains leptons
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identified as electrons and the second class contains leptons identified as muons. To increase
the number of leptons used in the analysis also events identified as electron–tau and muon–tau
are included. In these events, only the most energetic lepton (if it is identified as an electron or
a muon) is used, because the less energetic one is most likely to have originated from the tau
decays.
ECM ( MO ) Leptonic Energy Pseudomass
183 67 32
189 250 140
192 44 21
196 125 65
200 120 59
202 77 33
Table 6.1: Number of observed events for the leptonic energy and the pseudomass, for center-
of-mass energies from 183 to 202 MO .
Figure 6.3 shows  for Monte Carlo events generated at   = 80.33 MO . This figure
shows both classes for the leptonic energy at    = 189 MO between 10 and 80 RO , the region
considered in the fit at this energy. The worse resolution of the muon momenta compared to
the electron energy is visible. As shown in figure 6.1, the region sensitive to   is around the
maximal and the minimal values for : . These regions have sharper edges for electron energies
(see figure 6.3(a)), than for muon momenta (see figure 6.3(b)).
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Figure 6.3: Monte Carlo leptonic energy distributions in the ¦B§C¦8¨©ªO«sªx¬ﬀ«­ channel includ-
ing detector effects. The histograms do not include background events. (a) First class of events
containing electrons using the electromagnetic calorimeter energy information. (b) Second class
of events containing muons using the central track momentum information.
For the pseudomass three classes of events including different identified charged leptons are
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defined as follows:
1. Events including two leptons identified as e.
2. Events including two leptons identified as ® .
3. Events including two leptons identified as an e and a ® .
Figure 6.4 shows the pseudomass distribution for Monte Carlo events generated at ¯	° =
80.33 ±M²O³ at a center-of-mass energy of 189 ±M²O³ . The three classes of events are shown
separately. The greater sensitivity to ¯ ° of e relative to ® can be observed by comparing
figures 6.4(a) (including e) and 6.4(b) (including ® ) in the region sensitive to ¯ ° around 80
±M²O³ . The third figure 6.4(c) shows the third class, the mixed e- ® events. The observed number
of events for the pseudomass and the leptonic energy after the selection in different classes are
summarized in table 6.1. In this figure the variable is plotted between 70 and 90 ±R²O³ . This is the
region chosen to fit the pseudomass in the analysis. The upper limit for the pseudomass is given
by the beam energy and it changes therefore for each center–of–mass energy. Nevertheless, the
sensitive region is around the generated W mass (the spectra show a sharp edge around ¯ ° )
and the region to perform the fit can be taken between 70 and 90 ±M²O³ for every center–of–mass
energy. The apparent dependence of the peak height in figure 6.2 on ¯ ° is an artefact. The
three spectra are normalized to the number of events and a change on the position of their sharp
edges will induce a change on the height of the distributions.
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Figure 6.4: Monte Carlo pseudomass distributions in the ¾B¿C¾ÀÁÂÃÄÂÅÆÃÄÇ channel including
detector effects. The histograms do not include background events. (a) First class of events
containing electrons-electron events using the electromagnetic calorimeter energy information.
(b) Second class of events containing muon-muon events using the central track momentum
information. (c) Third class of events containing electron-muon events using the electromagnetic
calorimeter energy and the central track momentum information.
Chapter 7
Determination of È using a
Reweighting Method
This chapter presents a determination of the W boson mass, É	Ê , by comparing the leptonic
energy and the pseudomass distributions obtained from the data to the corresponding Monte
Carlo distributions generated with a variety of É	Ê . Using a reweighting technique, Monte Carlo
spectra for arbitrary É	Ê can be obtained. A binned likelihood fit is then used to extract É	Ê
and its error by determining which Monte Carlo spectrum best describes the data. The method
does not need further correction for detector effects, Initial State Radiation or acceptance, as
these effects are modeled by the simulation. In the following sections the method is explained in
detail.
7.1 The Monte Carlo Reweighting Technique
The reweighting method is used to emulate a fully1 simulated Monte Carlo spectrum which
corresponds to some W mass value, ÉÌËxÍÎ
Ê
, from a single Monte Carlo sample generated at a
given value of the W mass, ÉTÏeÐ
Ê
. For each event a reweighting factor is calculated to weight
the entries in the spectra of fully simulated observables, in the case of this analysis, the leptonic
energy and the pseudomass. This factor, Ñ , is defined as the probability that the generated event
would be produced at É ËÍﬂÎ
Ê
divided by the probability that this same event aroses from ÉÌÏeÐ
Ê
.
This probability is given by [90]
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where ß.á is the Born level cross section for the çBèCçé pair production which depends on êëÛ
and êìÜ , the two generated tree-level W masses and ä#å is the Breit-Wigner function,
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1Full Monte Carlo simulation means the inclusion of all the detector effects in the spectrum.
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The event–event reweighting factor can be written as:
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In this analysis, only  is taken as the free parameter and   is constrained to its Standard
Model value (see equation 4.5) which relates both quantities. Figure 7.1 illustrates the equation
(7.3). It shows the reweighting factor ÷ , as a function of the generated masses
	
and

in the
case where a spectrum of 

= 79 ﬀﬂﬁﬃ is emulated from a Monte Carlo sample generated
at ! #"

= 80 ﬀ$ﬁﬃ . For generated mass around 80 ﬀ$ﬁﬃ the reweighting factor
÷
is below one.
Events with generated masses around 79 ﬀﬂﬁﬃ , have the maximal weights.
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Figure 7.1: The reweighting factor distribution for  ./

= 79 ﬀﬂﬁﬃ , which is the mass to
reweight to and   #"

= 80 ﬀﬂﬁﬃ which is the generated Monte Carlo mass.
In order to obtain the fully simulated spectra of a certain observable after the simulation,
the entries in the corresponding signal spectra are weighted according to equation (7.3). The
background distributions for the spectra are generated and normalized to the expected number of
background events. The reweighted signal spectra are then normalized such that the total number
of signal plus background events corresponds to the observed number of events in the data. A
likelihood fit is used to extract  by determining which Monte Carlo spectrum best describes
the data. The likelihood function is constructed using Poisson probabilities,
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The product extends over the total number of bins FHGJILKAM , N I is the number of events per bin found
in the data and O I is the expected number of events determined from Monte Carlo (containing
both signal and background events). The W mass is obtained as the minimum of the ( PQSRATVU )
curve and its error from the region where ( PQSRATVU ) is smaller than 0.5.
7.1.1 Introduction of Further Monte Carlo Samples
Statistical fluctuations due to limited Monte Carlo statistics may produce reweighting factors
much bigger than one for events with masses W	X and WY near Z[.\/]^ . It is possible to reduce
such fluctuations using further Monte Carlo samples generated at different Z_#`^ . F Monte
Carlo samples generated at masses Zba8ced^ , where fhgjilkmSmSmSknF , are merged into one reweighted
spectrum for Z [.\/]^ by taking the weighted average bin–by–bin. The content of bin o of the
reweighted spectrum from sample f is given by [91]:
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where y
c z
is the number of events for each o th bin of the f th sample, F I is a normalization factor,
introduced to normalized each individual Monte Carlo sample before merging all in one sample
and
x
I
v
is the corresponding reweighting factor for each event. F I is defined such that:
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The total error associated to each bin is given by:
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The first term corresponds to the statistical error associated to the number of events inside each
bin and the second term is an average error added in quadrature to limit fluctuations from low
statistic-bins:
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The combined bin content in bin o is the weighted sum over all samples f :
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Monte Carlo samples with a generated W mass Zba8ced^ closer to Z[.\/]^ will have a more significant
impact than the other samples.
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7.2 Monte Carlo Generators used in the Analysis
Samples of WW events are generated with the KORALW version 1.42 event generator with a
reference W mass of 80.33 ﬂ . The analysis uses both samples which include CC03 events
only and samples with all four–fermion processes. Additional samples generated for different
W masses to build the fully simulated Monte Carlo reweighted spectrum are also used. The
following Monte Carlo programs were used to generate background samples at all center of
mass energies: PYTHIA was used to produce lA  events and KORALW for
¡
¢ events. Multi-photon final states were simulated with the RADCOR generator. Two-photon
final states were generated with VERMASEREN. Finally, KORALZ and BHWIDE were used to
generate dilepton final states. Table 7.1 summarizes all Monte Carlo samples used in the analysis.
Process Generator £ ¤ ( $ ) ¥ ( ¦¨§44© ) ª« ( ﬂ )
¡

¡
j¬­¢®¯¬°S¢
®±
KORALW 183 36.0 80.33
¡

¡
j¬­¢®¯¬°S¢
®±
KORALW 189 34.1 80.33
¡

¡

 all KORALW 189 10.9 80.33
¡

¡
 all KORALW 192 10.8 80.33
¡

¡

 all KORALW 196 10.8 80.33
¡

¡
 all KORALW 200 10.8 80.33
¡

¡
 all KORALW 202 10.8 80.33
¡

¡
 all KORALW 183 to 202 2.7 79.33
¡

¡

 all KORALW 183 to 202 2.7 79.83
¡

¡
 all KORALW 183 to 202 2.7 80.83
¡

¡
 all KORALW 183 to 202 2.7 81.33
¡

¡
 all KORALW 192 to 202 5.3 80.08
¡

¡

 all KORALW 192 to 202 5.3 80.58
¡

¡
j¬­¢®¯¬°S¢
®±
KORALW 189 5.8 78.33
¡

¡

j¬­¢®¯¬
°
¢®
±
KORALW 189 5.6 82.33



 BHWIDE all 3.0 -
²

²
 KORALZ all 45.1 -
³

³
 KORALZ all 49.9 -
´ PYTHIA 183 and 189 34.5 -
µ PYTHIA 183 and 189 4.6 -
¡
¢ KORALW all 162.2 -
¢¢ KORALZ all 95.0 -
¶C¶ RADCOR all 7.0 -
Two-photon VERMASEREN all 24.1 -
Table 7.1: Monte Carlo samples used in the analysis.
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7.3 Extraction of the W Mass: Monte Carlo Studies
The reweighting method was studied with Monte Carlo data generated at a center-of-mass en-
ergy of 189 ·ﬂ¸¹ . The analysis was performed for the leptonic energy and for the pseudomass
separately. For the leptonic energy a bin width of 2 ·ﬂ¸¹ was used in an energy region between
10 and 80 ·$¸¹ . For the pseudomass the fit was performed with a bin width of 1 ·ﬂ¸¹ between
70 and 90 ·ﬂ¸¹ . In both cases, these regions are most sensitive to º¼» . The total likelihood
function for the pseudomass, ½¾ , and for the lepton energy, ½V¿ , are defined as the product of
the individual, ½VÀ , likelihood functions defined for each class Á of events; three functions are
therefore defined for the pseudomass and two for the leptonic energy.
½VÂÄÃÆÅÈÇ2É=Êb½
Ê
(7.10)
The expected statistical error on º» for each variable is estimated via an ensemble test with
1000 Monte Carlo subsamples. Each subsample contains signal and background events in the
expected proportion for an integrated luminosity of 183 ËÌµÍ4Î . The signal events are obtained
from a Monte Carlo sample generated at a W mass of 80.33 ·$¸¹ (considered as the “data”
sample) and the background events from the corresponding samples shown in Table 7.1. Signal
and background events of each subsample are chosen randomly from the corresponding Monte
Carlo samples. First a number of background events is selected, then the sample is filled with
signal events until the total number of events in each subsample is equal to the observed number
in the data. Due to the finite Monte Carlo statistics each event can appear in more than one
subsample for an ensemble of 1000 subsamples. It was shown in [92] that the multiple inclusion
of events in the subsamples should not introduce a bias in the expected statistical error if the
number of subsamples is less than ÏÐÒÑ=ÓÄÔ¯Õ , where n is the number of events per subsample and
Ð is the total pool of events included in the large Monte Carlo sample taken as the “data”.
The reweighting fit is repeated for each subsample and the corresponding W mass and the
error are obtained by the the minimization package MINUIT [93]. The fit statistical errors are
taken to be the Mean value of the corresponding distributions shown in Figure 7.2. Most of the
samples have fit errors close to the mean value of the distribution but a considerable number
of subsamples have fit errors much larger than the mean value. Further tests showed that the
likelihood functions of these subsamples have a non–parabolic shape and poorly defined minima
leading to the large fit errors. This effect is due to the low statistics avaible per sample to
perform the fit. The number of events found in the region sensitive to º¼» is very small and this
low number of events can produce statistical fluctuations. Additional Monte Carlo tests were
performed varying the number of events per subsample. The fraction of subsamples with poorly
defined minima strongly decreases when increasing the number of events per subsample.
To minimize the statistical fluctuations in the fit, the leptonic energy and the pseudomass
were combined in one simultaneous fit including ÖÒ×Ö
ÍØjÙ­ÚÛÆÙ.ÜSÚÛ/Ý
events recorded at center-
of-mass energies of ÞVßáà = 183, 189, 192, 196, 200 and 202 ·ﬂ¸¹ . In this simultaneous fit the
total likelihood function is defined as:
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Figure 7.2: Fit asymmetric error distributions at 189 ïﬂðñ for the sensitive variables. (a) Positive
error distribution for the pseudomass. (b) Negative error distribution for the pseudomass. (c)
Positive error distribution for the leptonic energy. (d) Negative error distribution for the leptonic
energy.
where ò denotes each center-of-mass energy and óõôö the likelihood function for the pseudomass
and ó ô÷ for the leptonic energy.
For the additional energies, the fit is again performed between 70 and 90 ïﬂðñ for the pseu-
domass with a bin width of 1 ï$ðñ . For the leptonic energy the energy region is adjusted for
each center-of-mass energy, in order not to lose sensitivity at the upper end of the spectrum. The
different energy regions for each center-of-mass energy are summarized in table 7.2.
Figure 7.3 shows the fit error distributions after the simultaneous fit for the pseudomass and
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ø ù ( úﬂûü ) 183 189 192 196 200 202
Low ( úﬂûü ) 10 10 10 10 10 10
Up ( úﬂûü ) 80 80 84 90 90 92
Table 7.2: Energy regions considered in the fit for the leptonic energy variable depending on the
center-of-mass energy.
the leptonic energy including all center-of-mass energies. The effect of the statistical fluctuations
is notably reduced.
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Figure 7.3: Fit error distributions for the simultaneous fit to all center-of-mass energies to the
pseudomass together with the leptonic energy distribution. (a) Positive error distribution. (b)
Negative error distribution. Both distributions are rescaled by a factor 1.13 to take into account
the correlation between the pseudomass and the leptonic energy.
However, one problem remains; positive and negative errors can differ substantially, as
shown in figure 7.4. This makes it difficult to combine the results with other measurements
of  .
In order to demonstrate that the method is bias free and the extracted errors are correct, the
fitted mass and the pull distributions are analysed. The pull is defined as:

		
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ﬁﬀﬃﬂ
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(7.12)
where &%('*)ﬃ+

is the fitted , for each subsample, ,-/.102'

is the generated mass of the large
sample taken as the “data” and  %(')ﬃ+3 is the fitted error for the corresponding subsample [91].
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Figure 7.4: Comparison between the fit positive and negative errors for the simultaneous fit
considering at all center-of-mass energies.
The determination of the fitted mass and its error is unbiased, if the pull distribution is consistent
with a Gaussian with a mean of zero and a with of one. To take into account the asymmetric
errors, the pulls are defined for this analysis as follows:
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where cGd(e*fﬃgihkj L
l are the positive (negative) error.
Figure 7.5(a) shows the fitted mass distribution and 7.5(b) the corresponding pull. A Gaus-
sian fit was performed. In the case of the mass distribution, the width of this Gaussian is taken as
the expected error for the analysis. This value is in good agreement with the mean value of the
fit error distributions (Figure 7.3). The simultaneous fit however does not consider the possible
correlation between the leptonic energy and the pseudomass which leads to an underestima-
tion of the fit error. This correlation is computed using independent2 Monte Carlo subsamples
at center-of-mass energies from 183 to 202 monqp and repeating the reweighting procedure for
the pseudomass and for the leptonic energy separately. The obtained correlation factor is 13%,
which can be accounted for rescaling the fit error by a factor 1.13. After that the pull width is
2The random sampling to collect events for each subsample is not used for this study. Each signal event is used in
only one sample once to avoid additional correlations between the subsamples.
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Figure 7.5: (a) Fitted mass distributions from Monte Carlo at all center-of-mass energies for the
simultaneous fit of the pseudomass and the leptonic energy. The test samples are generated at
{,|
= 80.33 }o~q . (b) Pull distribution. The corresponding errors are rescaled by a factor 1.13
to take into account the correlation between the pseudomass and the leptonic energy.
consistent with unity. Appendix B gives a brief description how the correlation factor is deter-
mined. This factor is already included in the fit error distributions shown in figure 7.3 and in the
pull distribution definition. The relation between the {,| values derived from these variables
can be seen in figure 7.6. The small correlation between the leptonic energy and the pseudomass
arises from two factors:
74 CHAPTER 7. 6 DETERMINATION USING A REWEIGHTING METHOD
 For the leptonic energy, events E and  are used. This leads to an additional
information for the leptonic energy.
 The fact that the common information for the leptonic energy and the pseudomass is used
in different ways (in the case of the leptonic energy both charged leptons are used inde-
pendently, in the case of the pseudomass the correlation between the lepton energies and
their angles are taken into account) decreases the correlation factor.
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Figure 7.6: Fitted mass distribution at all center-of-mass energies for the pseudomass in compar-
ison with the one for the leptonic energy. 112 independent Monte Carlo subsamples were used
in the analysis.
7.4 Results of the Reweighting Method
The center-of-mass energy values between the data and Monte Carlo differ at 183 and 189 oq .
The corresponding center–of–mass energies in the data are 182.68 and 188.64 oq respectively.
Therefore it is necessary to introduce a correction in the fit to the data. The momenta of the
charged leptons in Monte Carlo are rescaled by factors /1Q , /1Q( J
ﬃ1
¡ ¢ J£



. These
factors are used to rescale the generated W mass and the fitted W mass in the reweighting factor.
Such a correction is not used for energies between 192 and 202 oq because they agree with
the values in the data.
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The simultaneous fit for the pseudomass and the leptonic energy combining all center-of-
mass energies gives the following result:¤¥§¦©¨«ª­¬¯®«ª°G±² ³´
µ·¶
² ¸J¸º¹o»q¼
The quoted errors are the statistical errors derived from the fit to the data.
The error is rather asymmetric which is caused by the double peak structure of the likelihood
curve shown in Figure 7.7. The curve on the low side of the minimum only increases by 0.3
before reaching a local minimum which causes a large asymmetric error. Such an effect is not
unusual as Monte Carlo studies show [62].
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Figure 7.7: ½,¾ﬁ¿¢À!Á curve obtained from the fit to the real data. The fitted W mass and the
asymmetric errors are shown with arrows.
Figure 7.8 shows the two classes defined for the leptonic energy depending on the lepton
flavor for the data in comparison with the Monte Carlo distribution for the best fit to the data,
including as well the events for the background. Figure 7.9 shows the same distributions for the
three classes defined for the pseudomass. The good agreement between data and Monte Carlo
can be seen in all these plots. Similar results are obtained at all center-of-mass energies.
7.5 Systematic Checks and Uncertainties
The determination of the systematic uncertainties of
¤¥
measurement is performed by repeating
the simultaneous fit to the pseudomass and the leptonic energy spectra with shifted or smeared
parameters. The deviation in the new fit result is taken as systematic error. The study of these
uncertainties are summarized in table 7.3. Initial state radiation and four-fermion effects were
studied at a center-of-mass energy of 189
¹o»q¼
. The other sources have been studied simultane-
ously for all center-of-mass energies.
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Systematic errors Error ( Ä&ÅqÆ )
Beam energy 12
Spread in the beam energy 10
ISR ÇWÈqÉ
Four-fermion 42
ECAL scale 101
ECAL resolution 83
CT scale 14
CT resolution 18
Background 12
Total 140
Table 7.3: Summary of systematic uncertainties on Ä,Ê measurement using a reweighting
method.
7.5.1 Beam Energy
The error of the LEP beam energy is ËÌ­ÈÄ&ÅqÆ [94]. This corresponds to a relative uncertainty
of 0.02%. The effect of this uncertainty on the measured Ä,Ê is determined by refitting the
Monte Carlo test samples with the three-momenta for both the electromagnetic calorimeter and
the central track detector scaled by 1.0002. Such a change corresponds to a sample generated
with both Í Î replaced by È«ÏÐÉ¢É¢ÉÑÌÓÒÔÍ Î and Ä,Ê replaced by È«ÏÐÉ¢É¢ÉÑÌÓÒÔÄÊ . Since here one is
only interested in the Í Î change, the systematic error is estimated by comparing the fitted Ä Ê
with the W mass from the original fit scaled by 1.0002. The mean shift in the fitted mass is
12 Ä,ÅqÆ and is taken as the associated systematic uncertainty. The systematic error due to the
spread in the LEP beam energy was measured by smearing the energy of the charged leptons
with a Gaussian distribution, with a width of 240 Ä&ÅqÆ , the spread in the LEP beam energy [94].
The corresponding systematic error is 10 Ä&ÅqÆ .
7.5.2 Initial State Radiation
The systematic error associated with uncertainties in the modelling of Initial State Radiation is
estimated by comparing KORALW Monte Carlo ÕÖ×ÕÙØ events reweighted using a ÚÜÛiÝßÞ and
ÚÜÛiÝkàÞ treatment of initial state radiation to the standard Õ Ö Õ Ø sample which includes ÚÜÛiÝká¡Þ
treatment. In the case of the ÚÜÛiÝßÞ correction a mean difference of 6 Ä,ÅqÆ is obtained and 4
Ä&ÅqÆ in the case of ÚÓÛiÝ à Þ . The larger is taken as systematic error.
7.5.3 Four-Fermion Effects
The generated reference samples at 183 and 189 âoÅqÆ do not include a complete set of four-
fermion diagrams and neglect interference effects between ÕÖ×ÕÙØ diagrams and other four-
fermion processes. In order to check the systematic error due to these effects, the fit results of a
sample generated including the full set of interfering four-fermion diagrams (GRACE generator
[87]) are compared to the same events, but reweighted to the CC03 ÕÖãÕÙØ diagrams alone,
which results in a difference of 42 Ä,ÅqÆ . This difference is taken as the systematic uncertainty.
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7.5.4 Detector and Resolution Effects
The effects of the detector calibrations and the uncertainties in the Monte Carlo simulation
of the detector response are investigated by varying the observed lepton energy scales in the
electromagnetic calorimeter (for the electrons) and in the central detector (for the muons) by
ä 0.3% [51]. The systematic error due to this source is 101 å&æqç for the electromagnetic
calorimeter and 14 å,æqç for the central track detector. The study was performed independently
for both.
For the resolution effect, the difference between the measured, èêé(ë*ìﬃí and the generated
energy, èêîJë*ï , was changed as follows:
èðï2ëiñóòôèðîJëQïöõ6÷1øùèêé(ëìﬃí×úûèêîJë*ïÑü
where èêï2ëiñ is the new energy and ÷/ø is the resolution factor, ÷/ø(òþý«ß  for the electromagnetic
calorimeter and ÷1øãòþý«ß  for the central track detector. The systematic error due to this source
is 83 å&æqç and 18 å&æqç respectively. The study was also performed independently.
The quoted systematic error due to energy scale and resolution effect are for the combined
result of the electrons and muons. Electrons have a rauch larger weight in the combination
therefore the effect of the electromagnetic calorimeter energy scale variation is much larger.
7.5.5 Background Treatment
The background normalization is varied by ä 25%, which contains both the corresponding error
in the cross section measurement for the leptonic channel (5%) and the uncertainty of the actual
number of background events in the data due to statistical fluctuations. The resulting change in
the fitted å is 12 å,æqç .
7.6 Test of the Reweighting Method
7.6.1 Bin Width
One of the principal intrinsic parameters of the reweighting method is the width of the bins.
A small bin size will improve the resolution of the sensitive variables as long as the Monte
Carlo statistics are large enough to allow smooth reweighted spectra for the pseudomass and the
leptonic energy. On the other hand, a bin size too small will increase the fluctuations in the final
result. The bin width is varied simultaneously for the leptonic energy and the pseudomass in
a range of 1.0-1.75  æqç for the former and 2.0-2.75 oæqç for the latter. The maximal change
in the fitted mass is 24 å&æqç , which is well within the expected statistical scatter. The position
of the bin centers is also varied by up to 0.5 oæqç . The maximal shift of 14 å&æqç is again not
significant. No systematic error was assigned because of these effects.
7.6.2 Linearity of the Reweighting Procedure
An important check of any fit method is to test for a possible bias and the linearity of the pro-
cedure. In principle, the reweighting method should be linear and bias-free by construction. In
order to test it, Monte Carlo samples generated at center-of-mass energies of 79.33, 79.83, 80.33
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80.83 and 81.33  are used. These are the available samples for all center-of-mass energies
from 183 to 202  . The relation between the generated and the fitted mass is found to be
linear for the combination in a region of  0.5  , with a slope of 0.98  0.16 (see figure 7.10).
There is no evidence of non-linear behavior in the range of several 500  around the central
value and our measured value lies safely within this region. On the other hand the figure shows
no bias effects in this range. Therefore no additional error is assigned for this effect.
Bias = 0.005  ±  0.042
Slope =  0.980  ±  0.159
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Figure 7.10: Linearity of the reweighting method procedure. The central value of 80.33  is
subtracted from all the masses.
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Figure 7.8: Leptonic energy distributions in the !#"$!&%('*)+-,.)0/1+-,32 channel at a center-of-mass
energy of 189 456 for data (points with error bars), background Monte Carlo (shaded area) and
signal+background Monte Carlo for the best fit to the data (solid histogram). Detector effects
are included. (a) First class containing electrons using electromagnetic calorimeter energy infor-
mation. (b) Second class containing muons events using central track momentum information.
80 CHAPTER 7. 7
8 DETERMINATION USING A REWEIGHTING METHOD
0
1
2
3
65 67.5 70 72.5 75 77.5 80 82.5 85 87.5 90
0
1
2
3
4
65 67.5 70 72.5 75 77.5 80 82.5 85 87.5 90
Data
Signal+background MCﬀ
Backgroundﬁ
(a)ﬂ
 Pseudomass (GeV). Electron-Electron events.
En
tr
ie
s
Data
Signal+background MCﬀ
Background
(b)ﬂ
Pseudomass (GeV). Muon-Muon events.
En
tr
ie
s
Data
Signal+background MCﬀ
Backgroundﬁ
(c)ﬂ
Pseudomass (GeV). Electron-Muon events.9
En
tr
ie
s
0
1
2
3
4
65 67.5 70 72.5 75 77.5 80 82.5 85 87.5 90
Figure 7.9: Pseudomass distributions in the :#;$:=<(>@?A-B.?DCEA-B3F channel at a center-of-mass
energy of 189 GHI for data (points with error bars), background Monte Carlo (shaded area) and
signal+background Monte Carlo for the best fit to the data (solid histogram). Detector effects
are included. (a) First class of events containing electron-electron events using electromagnetic
calorimeter energy information. (b) Second class of events containing muon-muon events using
central track momentum information. (c) Third class of events containing electron-muon events
using the electromagnetic calorimeter and the central track detector informations.
Chapter 8
Determination of J using an
Unbinned Maximum Likelihood Fit
This chapter describes an alternative method to determine KML from NPO$N=Q(R@SUT-VWSDXYT-V3Z events
based on an unbinned likelihood fit. The reweighting method, discussed in the previous chapter,
suffers from statistical fluctuations due to the limited size of the available Monte Carlo samples
which are used to derive the reference spectra. This gives rise to:
[ Asymmetric errors.
[ Occasional subsamples with very large errors (figure 7.3).
In particular, the asymmetry of the statistical error makes it difficult to combine the result with
other OPAL and LEP K L measurements from N#O$N=Q(R]\_^ \a`\cb \ed and N#OfN=Q(R]\g^ \c`hST-V
events. In order to overcome these problems an alternative method to determine KML in the
leptonic channel was developed. The basic idea is the parameterization of the simulated pseu-
domass and the leptonic energy spectra (including the background) by analytical functions. A
linear dependence of the parameters which are included in the analytical functions on the W
mass is assumed. The W mass and its error is then obtained in an unbinned likelihood fit which
determines for which W mass the analytic function describes better the spectra of the sensitive
variables.
8.1 General Description of the Method
The pseudomass and the leptonic energy distributions obtained from the Monte Carlo simulation
(including all background sources) are parametrized by appropriate analytical functions, f :
iMjPilknm
^opppfo
m$q
osrut
(8.1)
which depend on v parameters,
mfw
, and
r
, the values of the leptonic energy or the pseudomass.
For each parameter a linear dependence on KML is assumed:
mfwxjPy0z
w|{
y
^
w~}
K
L (8.2)
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The coefficients 0 and - are obtained by fitting the pseudomass and leptonic energy spectra
generated for different W masses with the analytical function. The linear dependence of each
parameter on M is studied separately. Only in the case - is signicantly different from zero a
dependence on M is assumed; otherwise the parameter is fixed by the constant term   . This
parameterization is performed independently for each class of events (see chapter 6) defined for
the sensitive variables. Details of the method are discussed in the following sections.
In the end, the W mass is determined from the data by an unbinned maximum likelihood
based on these functions:
#ŁPln


hs

 (8.3)
where  denotes the events for the pseudomass and the leptonic energy. The different center-of-
mass energies between 183 and 202  are taken into account in a simultaneous fit to both
sensitive variables. The general likelihood function is identical to the one defined in equation
(7.11).
8.1.1 Parameterization of the Leptonic Energy
The leptonic energy spectrum is fitted with a function

, which is the product of two Fermi
functions and a linear function.


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°
²±¤³g´
°

correspond to the middle points of the two Fermi functions, °

±¤³_´
°¶µ
to their
widths, °
«
is the constant term of the linear function and °
¬
is its slope.
The fit depends therefore on six parameters. The overall normalization of the spectra can be
used to determine °
«
. Figure 6.1 illustrates that the edges of the leptonic energy spectrum are
the regions sensitive to M . In terms of the parameterization these edges correspond to °

and
°

. These are the only parameters which are expected to change for different W masses while
the other parameters,
°

,
°¶µ
and °
¬
are more sensitive to the W width and detector resolution
effects. Figure 8.1 shows an example of a function

fitting a leptonic energy distribution.
The spectrum is generated with from a Monte Carlo sample with a W mass of 80.33  at a
center–of–mass energy of 189 · . The fit is performed with five free parameters.
A simultaneous fit of the parameters
°

,
°

,
°

,
°¸µ
and °
¬
with all Monte Carlo samples
was performed. °

,
°¶µ
and °
¬
are assumed to be independent of M ; therefore one global value
was determined for each. °

and °

describe the   dependence and an independent value was
determined for each Monte Carlo M . Figure 8.2 shows the fitted °

and °

parameters and
the linear dependence on  in the case of electrons. These fits are performed independently
for each class of events and each center–of–mass energy.
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Figure 8.1: Fit to the leptonic energy distribution generated with a W mass of 80.33 »¼½ at ¾ ¿
= 189 »¼½ . The Monte Carlo data belongs to the first class defined for the leptonic energy, i.e, it
contains electrons only. The crosses correspond to the Monte Carlo data. The indicated error are
the ones used in the averaging algorithm (see section 7.3). The fit is performed with two Fermi
functions and a linear function with five free parameters as defined in equation (8.5).
The likelihood fit which determines ÀMÁ is performed therefore with two free parameters,
ÂÃ
and Â¶Ä , leaving Â¶Å , Â¶Æ and Â¶Ç fixed. The constant values chosen for these parameters to
perform the likelihood fit are those shown by the coefficients È0É of their corresponding linear
fits. The determination of the parameters was repeated independently for each class defined
for the leptonic energy and for each center-of-mass energy from 183 to 202 »¼½ . In all cases
the results confirmed ÂÃ and Â|Ä as the most sensitive parameters. The numerical values of all
parameters for center-of-mass energies from 183 to 202 »¼½ and for each class is summarized
in tables C.1 and C.2 in Appendix C.
The sensitivity of the function ÊË with five free parameters to ÀÁ is illustrated in figure 8.3.
8.1.2 Parameterization of the Pseudomass
The analytical function chosen to fit the pseudomass spectra is the sum of a Fermi function and
a constant function, with four free parameters:
ÊMÌ Í
Ã
ÎÐÏaÑÒ0ÏÓ0Ô.Õ
Ó0Ö ×ªØ
×
Í
Æ (8.6)
where
Â
Ã
is the height of the curve,
Â
Å
corresponds to the middle point of the slope, Â Ä is the
width and Â¸Æ is chosen as a constant term. As for the leptonic energy, one parameter is fixed by
the overall normalization of the spectra. This procedure is used to eliminate the parameter Â­Ã .
Figure 6.2 shows a sharp edge on the value of the pseudomass corresponding to the generated
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Figure 8.2: Linear fit of the coefficients ßà (a) and ß|á (b) (middle points of the Fermi functions)
to âã at a center-of-mass energy of 189 ä·åæ . The central value of 80.33 äåæ is subtracted
from all generated W masses. The events chosen to perform this fit belong to the first class
defined for the leptonic energy, which contains electrons only. Similar studies were performed
for the second class at all center-of-mass energies.
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Figure 8.3: Comparison of ïð functions for three different generated masses: 78.33 ñ·òó (dotted
line), 80.33 ñ·òó (solid line) and 82.33 ñ·òó (dashed line) at a center-of-mass energy of 189
ñòó . (a) First class defined for the leptonic energy which contains electrons. (b) Second class
defined for the leptonic energy which contains ô .
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Figure 8.4: Fit to the pseudomass distribution generated at 80.33 øùú at û ü = 189 øùú . The
crosses correspond to the Monte Carlo data. The indicated error are the ones used in the aver-
aging algorithm, (see section 7.3). The fit is performed with a Fermi function with three free
parameters.
W mass. In terms of the above parameterization, this edge corresponds to ý¶þ . This is the only
parameter which is expected to show a clear dependence on ß  . Figure 8.4 shows an example
of the function fitting a pseudomass distribution. Similar fits were performed for each class of
events at all center-of-mass energies considered in the analysis.
The individual linear dependence of each parameter on ß
 
is studied as for the leptonic
energy. A simultaneous fit of the parameters ý¶þ , ý and ý with all Monte Carlo samples
was performed. ý and ý are assumed to be independent of ß
 
; therefore one global value
was determined for each. ý þ describes the ß  dependence and an independent value was
determined for each Monte Carlo ß   . Figure 8.5 shows the fitted ý¶þ parameter and the linear
dependence on ß
 
in the case of e-e events. These fits are performed independently for each
class of events and each center–of–mass energy. The numerical values of the parameters are
summarized in tables C.3, C.4 and C.5 in Appendix C.
The sensitivity of the Fermi functions which fit the pseudomass spectra is illustrated in a
similar way to the leptonic energy. Figure 8.6 shows the dependence on ß  for the three
classes of events defined for the pseudomass at a center-of-mass energy of 189 øùú .
8.2 Extraction of the W Mass: Monte Carlo Studies
The extraction of the W mass is performed, as for the reweighting method, by a simultaneous
maximum likelihood fit to the pseudomass and the leptonic energy including the information of
center-of-mass energies from 183 to 202 øùú . In this simultaneous fit the likelihood is defined
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Figure 8.5: Linear fit of the coefficient 
 (middle point of the Fermi function) to  at a
center–of–mass energy of 189  . The central value of 80.33  is subtracted from all
generated W masses. Similar studies were performed for the second and the third class at all
center-of-mass energies.
as in equation 7.11.
The same Monte Carlo data samples used in the reweighting method generated at   =
80.33  for each center-of-mass energy are now considered to estimate the expected sta-
tistical error on   . The correlation between the pseudomass and the leptonic energy was
calculated to rescale the fit errors and it was found to be 13%; in agreement with the result for
the reweighting method (Appendix B). The relation between the fitted masses for the pseudo-
mass and the leptonic energy is shown in figure 8.7. The method is checked with 500 subsamples
whose events are chosen in the randomly as explained in chapter 7. Figure 8.9 shows the distri-
bution of the fit errors after the simultaneous fit. The distributions are nicely symmetric and the
statistical fluctuations which were observed in the reweighting method are eliminated. The fit
errors shown in figure 8.9 are rescaled by a factor 1.13 account for this correlation.
The second problem found in the reweighting procedure, the asymmetric fit uncertainties, is
also much reduced. Figure 8.10 shows the high correlation between both errors. Figure 8.8(a)
shows the mass distribution fitted with a Gaussian function. The mean value shows no bias and
the width is in perfect agreement with the fit error distributions as shown by the pull distributions
in figure 8.8(b).
8.3 Results of the Unbinned Method
The simultaneous fit for the pseudomass and the leptonic energy, combining center-of-mass
energies from 183 to 202  , gives the following result:
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Figure 8.6: Comparison of Fermi functions for three different generated masses: 78.33 ﬀﬁ
(dotted line), 80.33 ﬀﬁ (solid line) and 82.33 ﬀﬁ (dashed line) at a center-of-mass energy
of 189 ﬀﬁ . (a) First class of which contains e-e events. (b) Second class which contains ﬂ - ﬂ
events. (c) Third class which contains e- ﬂ events.
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Figure 8.7: Fitted mass distribution at all center-of-mass energies for the pseudomass in compar-
ison with the one for the leptonic energy using the unbinned methode. 112 independent Monte
Carlo subsamples are used in the analysis.
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Figure 8.8: (a) Fitted mass distributions from Monte Carlo for the simultaneous fit of the pseu-
domass and the leptonic energy at all center-of-mass energies. The test samples are generated
at !" = 80.33 #$% . (b) Pull distribution. The corresponding errors are rescaled to take into
account the correlation between the pseudomass and the leptonic energy.
8.4. SYSTEMATIC CHECKS AND UNCERTAINTIES 91
0ç
20
40
60
80
0.2 0.4ç 0.6ç 0.8 1
Positive error (GeV)
En
tr
ie
s
Negative error (GeV)&
En
tr
ie
s
0
25
50
75
100
-1.5 -1 -0.5 0
Figure 8.9: Fit error distributions for the simultaneous fit at all center-of-mass energies to the
pseudomass together with the leptonic energy distribution. (a) Positive error distribution. (b)
Negative error distribution. Both distributions are rescaled by a factor 1.13 to take into account
the correlation between the pseudomass and the leptonic energy.
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The quoted errors are derived from the fit to the data sample. The errors are rescaled by a
factor 1.13 to take into account the correlation between the pseudomass and the leptonic energy.
The figure 8.11 shows the ABDCFE6GIHKJDL
?
BMJONPCQC/RTS curve for this unbinned fit. Figure 8.12 and table
8.1 summarize the results for the W mass from U 4 U ;WVYX[Z]\^X`_DZ \ba decays for each year using
an unbinned maximum likelihood method.
Figure 8.13 shows the comparison between the fit function and the data for the three classes
of events defined for the pseudomass at a center-of-mass energy of 189
>?@
. Figure 8.14 shows
analogous results for the two classes defined for the leptonic energy at 189
>?@
.
8.4 Systematic Checks and Uncertainties
The systematic uncertainties discussed for the reweighting fit (see section 7.5) also affect the
unbinned method and they are evaluated in the same manner, yielding similar errors. The study
of all the uncertainties are summarized in table 8.2. A new systematic source, which does not
exist in the reweighting fit, is now present due to the parameterization of the pseudomass and the
leptonic energy spectra. This source is explained in the next section.
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Figure 8.10: Comparison between the positive and the negative error distributions for the un-
binned method. The limits are taken as in the reweighting method to compare both distributions.
Year CM energy ( efg ) W mass ( efg ) Error ( efg )
1997 183 81.73 hjilk=m1kon
p
k=m1kjq
r
1998 189 80.16 h
i6s8m t=t
p
s8m u8k
r
1999 192–202 80.13
h
i6s8m vws
p
s8m x=u
r
Combination 183–202 80.43 h
i6s8m y8k
p
s8m y=n
r
Table 8.1: Summary of the z{ results from 1997 until 1999 and combined for the leptonic
channel using an unbinned maximum likelihood method. The corresponding errors are statisti-
cal.
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Figure 8.11: DFTI curve obtained from the fit to the real data. The fitted W mass is shown
with arrors.
8.4.1 Parameterization of the Sensitive Variables
A total of 114 parameters are obtained for the pseudomass and the leptonic energy considering
center-of-mass energies from 183 to 202  for all the defined classes and both sensitive vari-
ables. From these, 42 parameters depend on the mass of the W boson. To check the systematic
error associated to the parameterization of the pseudomass and the leptonic energy distributions
each parameter is varied by Ł independent from the rest. This is repeated for all center-of-mass
energies and all classes of events. The systematic error due to this source in the parameters which
depend on  is 28  ; for the parameters independent of  , the corresponding error is
20  . Adding the resulting changes in quadrature yields a total systematic uncertainty due to
the parameterization of 34  .
8.4.2 Linearity of the Unbinned Method
The possible bias and the linearity of the unbinned procedure is checked in this section. The
same samples as for the reweighting procedure are used in this case (see section 7.6.2). The
relation between the generated and the fitted mass is found to be linear for the combination in a
region of  1  , with a slope of 0.984  0.065. There is no evidence of non–linear behavior
in the range of 1  around the central value and our measured value lies safely within this
region. Therefore no additional error is assigned for this effect. The value of the bias is -
0.005  0.036, compatible with zero and which statistical error is in good agreement with the
systematic error associated to the parameterization source (see section 8.4.1). Figure 8.15 shows
this linear behavior and the bias for the parameterization procedure.
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Figure 8.12: Results of  measurements in the fully leptonic channel using all data recorded
in the years 1997–1999 at center–of–mass energies in the range from 183  to 202  .
Systematic errors Error (  )
Beam energy 
Spread in the beam energy 14
ISR 
Four-fermion 24
ECAL scale 129
ECAL resolution 87
CT scale 
CT resolution 
Background 16
Parameterization 34
Total 162
Table 8.2: Summary of systematic uncertainties on  measurement using the unbinned
method.
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Figure 8.13: Comparison between the data and the   function for the leptonic energy at a
center–of–mass energy of 189 ¡¢£ . (a) electron events. (b) muon events.
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Figure 8.14: Comparison between the data and the fit function for the pseudomass at a center–
of–mass energy of 189 ¦§¨ . (a) electron–electron events. (b) muon–muon events. (c) electron–
muon events.
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Figure 8.15: Linearity of the unbinned method procedure. The central value of 80.33 ®¯° is
subtracted from all the masses.
Chapter 9
Comparison of the Methods and
Combination with the
± ² ³ ´ µ ´·¶¸´·¹ ´»º
and
± ²
³ ´
µ
´
¶½¼¿¾ÁÀ
Channels
The reweighting technique is one of the standard methods by all four LEP collaborations to
determine ÂÃ . In the present thesis it is therefore used to study the mass of the W boson from
Ä+ÅÆÄÈÇWÉËÊÌ]ÍwÊ`ÎÏÌ]ÍjÐ decays. It was well known that one of the biggest problems of this channel
is the small branching ratio and therefore the small number of events in the data sample. Due
to this feature, the first studies were performed at center-of-mass energy of 189 ÑÒÓ . At this
energy, the number of events were enough to obtain a first estimate of Â
Ã
. As chapter 7 shows,
the results obtained with this method present big fluctuations due to the small statistics in data.
The limited Monte Carlo statistics for the production of the reweighted histogram contribute
as well to these fluctuations. The solution is clear for this method, it is necessary to add more
statistics. Additional data from center-of-mass energies of 183, 192, 196, 200 and 202 ÑÒÓ were
therefore included in the method but although the fluctuations decrease by including more data,
they are not eliminated completely (section 7.3). As a consequence the method to determine
Â
Ã
can be subjected to the influence of these fluctuations. If this is the case (and it is!), the
results for the data are very assymetric and the combination with other ÂÃ measurements from
Ä+ÅÆÄÈÇWÉÕÔ×Ö ÔÙØÔQÚ ÔQÛ
and Ä+ÅÆÄÈÇWÉÕÔ×Ö ÔÙØÜÊÌ]Í decays becomes difficult.
This is the motivation which leads to the unbinned method to determine Â Ã . The fluctua-
tions due to the small statistics now decrease, the expected error distribution is symmetric and
the positive and the negative error values are in good agreement. Now it is easier to combine the
result obtained with other measurements.
In spite of the fluctuations present in the reweighting technique, both methods show a good
agreement between their results; the ideal expected errors have the same values and the obtained
correlations for the leptonic energy and the pseudomass are compatible. The systematic errors
are similar as well. The systematic uncertainty for the unbinned method is around 50 ÂÒÓ larger
than for the reweighting fit, due to the systematic source associated to the parameterization of
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the leptonic energy and the pseudomass spectra.
9.1 Combination with Hadronic and Semileptonic Channels Results
Results from center-of-mass energies 192 to 202 ÝÞß which have been obtained using a fit to
the distribution of the reconstructed W masses in decays of the type à+áÆàãâWäæå×ç åÙèåQé åQê and
à
á
à
â
äÕå ç åÙè8ëì]í , have been combined with previous OPAL measurements at center-of-mass
energies from 161 until 189 ÝÞß . The results are summarized as follows:
îðï ñ
= 161 to 189 ÝÞß with à á à â äÕå×ç åÙè`åQé åQê and à á à â äÕåòç åÙè8ë[ì]í events [51]:
óô¿õ÷ö-ø/ù1ú3ûFüýþø/ùßø  ýø/ùßø-ú
ÝÞß
îðï ñ
= 192 to 202 ÝÞß with à á à â äÕå ç åÙè`å é åQê and à á à â äÕå ç åÙè8ë[ì]í events [95]:
óô õ÷ö-ø/ùFüFûýËø/ùßø-ûý ø/ùßø-ú3ü
ÝÞß
ù
The present measurements have been combined with each other and with the result presented
in this thesis obtained for óô from the reweighting method [45,95]:
ó
ô
õ÷ö-ø/ù1ú3öýþø/ùßøFüý ø/ùßø û
ÝÞß
ù
The impact of the à á à â äËë[ì]í ë	Dì
í

channel to the general result is around 1%. Analogous
results are obtained by combining with ó ô obtained from à á à â äËë[ì]í ë	Dì
í

decays using the
unbinned method.
9.2   from    ﬀﬁﬃﬂ Decays by the LEP Experiments
In parallel to OPAL, the other 3 experiments of LEP (ALEPH, DELPHI and L3) performed studies
of
óô
in this channel. The methods and results are summarized as follows:
î ALEPH and L3 employ the kinematic properties of the leptons to estimate the W mass.
The variables used to measure óô are the energy of the most energetic lepton, ! #"%$
í
, and
the energy of the second most energetic lepton,   &('
í
. The missing energy,   &()*) , of the
events, defined as ï ñ - +,&() where +,&() is the reconstructed visible energy of the events,
is used in the ALEPH analysis as well. The technique used to obtain ó ô and its error
is a reweighting method. Individual likelihoods functions for each variable are defined
considering the lepton flavors together in each likelihood. The OPAL analysis presented
does the opposite; the total likelihood considers individual contributions from the variables
and different lepton flavours classes. The better resolution in the measurements of muons
by ALEPH and L3 allows the lepton flavors to be considered together. Figure 9.1 shows
the sensitive variables to óô used in the analysis by ALEPH. The analysis has been
performed at a center-of-mass energy of 189 ÝÞß by L3 and 183 combined with 189
ÝÞß by ALEPH. The results obtained are [88]:
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ALEPH >@?ﬃABDCE?ﬃAFDGIH:JLKNMDOQP RSA;?UTA;?WVYX;TZ[VYX;T\UX]GIH:J
where the first error is statistical and the second one is systematic.
At present L3 only quotes the expected statistical error of their measurements at 189 GIH:J
[96]:
^
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Figure 9.1: Distributions of the higher and lower lepton momenta and of the missing energy
in each k 1 k 3 587:9ml@7 < 9mlon events at 189 GIH:J , comparing with the reweighted Monte Carlo
prediction giving the best combined fit.
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p DELPHI has worked on a method which can use the full information of the event. The
basic idea is that given the two charged three-momenta of each event and assuming that
they come from different and independent bodies, only certain boost values and certain
directions are possible for the W bosons. Using the standard constrains of a kinematic fit,
it is possible to define a probability density function (p.d.f ) which depends on the boost,
q
and the directions rtsﬀu . An unbinned likelihood which contains the detector effects can
be therefore defined to obtain vQw :
xIy
v wdz#{
|2}~~
y*q
srtsu zQ
y*q
srsuŁUv w6z
where  is a function of the purity and the signal and background expectations. An in-
dividual likelihood function is defined for each leptonic channel and the general fit is
performed with a p.d.f obtained as the weighted sum of each leptonic channel to take into
account the cross contamination between the channels; for example a selected mtm event
has a certain probability to be a m or a ;m or even a t event. The weights with
which the p.d.f are summed, are extracted from Monte Carlo studies and depend upon the
momentum of the considered lepton1. The events containing  leptons are treated sepa-
rately from the other channels. The result obtained by DELPHI at a center-of-mass energy
of 189 I: , combining all leptonic channels is [97]:
DELPHI
y@ﬃ
I:
z
vQw
{
~U
I:
~
No value for vQw is currently published. A good agreement between the four experiments
is found for an expected error of 0.75 I: at a center-of-mass energy of 189 I: . Table
9.1 shows the comparison between the results for the four experiments.
Experiment   ( I: )  v w ( : )
ALEPH 183-189 0.67
DELPHI 189 0.73
L3 189 0.95
OPAL 183-189 0.69
OPAL 183-202 0.51
Table 9.1: Comparison between the results in ¡ £¢8¤ﬃm¥@¤,¦=m¥o§ channel for the four experi-
ment. The errors given are statistical.
1An electron of 20 ¨ª©%« has a certain probability to come from tau decays, while an electron of 70 ¨ª©%« is almost
certainly coming from the W decay. This is the reason of the weight factors definition.
Chapter 10
Summary
This thesis has presented the first determination of the mass of the W boson in the fully leptonic
channel using the data of the OPAL detector at LEP. Two different methods, using the same sen-
sitive variables were employed to extract the W mass from the data sample recordered between
1997 and 1999 at center-of-mass energies of 183, 189, 192, 196, 200 and 202 ¬I­:® . All these
data amount to an integrated luminosity of 457.1 ¯°²±²³ .
The precise measurement of the W mass has been one of the major goals of the LEP2 pro-
gram. This mass combined with other electroweak measurements, provides stringent tests of the
current theory which explains the matter and its interactions, the Standard Model, and it can be
used to constrain the mass of the Higgs boson. Previous analysis performed by OPAL were based
on the fully hadronic and semi-leptonic ´µª´ ± decay modes.
The ´Sµª´ ±£¶8·ﬃ¸m¹@·,º=¸ ¹o» events comprise the 10% of the total ´µª´ ± cross section. They
are characterized by two acoplanar charged leptons and a large missing energy due to at least
two non-observed neutrinos in the final state. The standard method to determine ¼Q½ from
´µª´
±£¶¿¾
³
¾ÁÀ:¾ÃÂ ¾ÃÄ and ´µª´ ±£¶Å¾
³
¾ÁÀ,·:¸m¹ events which is based on a full kinematic recon-
struction of the event, is here therefore not possible because the system is not enough constrained
to define a kinematic fit which leads to the reconstruction of the leptonic event. Additional mea-
surement methods have to be used to obtain ¼ ½ in this channel. These methods are based on
the sensitivity that some variables present to ¼Q½ . The present analysis employs as sensitive
variables the directly measured energy of the charged leptons together with another kinematic
variable called pseudomass. This latter variable is obtained from an approximative reconstruc-
tion of the event which is achieved defining the standard constraints of a kinematic fit plus an
additional arbitrary constraint which is the assumption that both neutrinos are in the same plane
as the charged leptons. Under this circumstance, the leptonic event can be reconstructed and a
sensitive variable to ¼ ½ , called the pseudomass, is obtained. This assumption can be gener-
alized assuming fixed angles between the plane of the neutrinos and the plane of the charged
leptons. An increase of the sensitivity is however not found.
Due to the different momentum resolutions obtained in OPAL for electrons and for muons,
separate classes have been defined for the leptonic energy and for the pseudomass depending
upon the different lepton flavors. This separation of the leptons which are measured with the
electromagnetic calorimeter energy in the case of identified electrons and the charged momentum
in the case of identified muons, maximizes the sensitivity of the measurement.
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The first measurement which has been presented determines ÆQÇ from a reweighting method.
In this method, the W mass is measured by directly comparing the pseudomass and the lep-
tonic energy spectra in the data to fully simulated Monte Carlo spectra generated at different
W masses. These Monte Carlo spectra are obtained by reweighting each event of Monte Carlo
samples with a factor which depends on the generated W masses and the desired Æ Ç . A si-
multaneous likelihood fit for the pseudomass and the leptonic energy combining center-of-mass
energies from 183 to 202 ÈIÉ:Ê leads to Æ Ç together with its error. The result obtained with the
reweighting technique is:
Æ Ç ËSÌUÍ;ÎÏUÍQÐÒÑ,Ó ÔÕ
Ö²×
Ó ØÙØÛÚ
Í;ÎÝÜ	Þ ÈÉ:Êàß
where the first error is statistical and the second one systematic.
The asymmetry obtained in the error comes from statistical fluctuations due to the small num-
ber of events contained in the data and the limited Monte Carlo statistic to build the reweighted
sample which fit the data. Previous Monte Carlo studies of the reweighting method confirmed
the existence of these asymmetries in the statitical error. This fact makes a combination of this
results with Æ Ç measurements from á
Ð
á
Ö£âÅã
×
ãÁä	ãÃå ã
Ô
and á
Ð
á
Ö£â¿ã
×
ãÃäæﬃçmè
events dif-
ficult.
The possible asymmetry of the errors obtained with the reweighting method motivates the
study of a second Æ Ç measurement technique based on an unbinned likelihood method. The ba-
sic idea of this method is the parameterization of the pseudomass and the leptonic energy spectra
by known analytical functions. Assuming a linear dependence of the coefficients which define
the parameterization with the W mass, an unbinned likelihood function which depends now on
Æ
Ç and the values of the sensitive variables is defined to obtain the W mass. A simultaneous fit
for the pseudomass and the leptonic energy leads to this result using the same data sample as for
the reweighting technique. The result obtained applying the unbinned method to the data is:
Æ
Ç ËSÌUÍ;Î(ÞÏ
ÐÒÑ,Ó Ø
×
Ö
Ñ,Ó Ø
ä
Ú
Í;ÎÝÜﬃé
ÈÉ:Ê
Î
The correlation between the pseudomass and the leptonic energy have been studied sepa-
rately for both methods. In both cases the obtained value for the correlation factor is 13%. The
slightly different event samples used in the cases of the leptonic energy and the pseudomass and
the fact that the pseudomass employs the angular distribution information between both charged
leptons, which is not included in the leptonic energy, leads to this small correlation. In spite of
the fluctuations obtained with the reweighting technique, both methods present good agreement
in the Monte Carlo studies performed to obtain the fitted mass distribution and the expected error
whose value is: ê
Æ
Ç ËÍ;Îë;Ü
ÈIÉ:Ê
Î
The previous ÆQÇ measurements obtained by OPAL in the hadronic, á
Ð
á
Ö£â¿ã
×
ãÃä	ã
å
ã
Ô
and the semi-leptonic channel, á
Ð
á
Ö
â¿ã
×
ã
ä
æ:çmè
channels can be now easily combined with
the corresponding one of the á
Ð
á
Ö£â8æﬃçmè@æ,ì=çmèoí
channel obtained from the unbinned method.
The combination of the three channels using data recorded between 161 and 202 ÈIÉ:Ê (in
the case of the semileptonic and hadronic events) leads to a W mass of:
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îQïñðSòUó;ô(õòöI÷8ó;ôóö;øù÷Yó;ôóúòDûIü:ýô
For the fully leptonic decays, the methods used by the four LEP experiments show a similar
statistical sensitivity to
îdï
. The expected error obtained at center–of–mass energies of 183 and
189 ûIü:ý is around 0.75 îQü:ý .
The results obtained in the fully leptonic channel cannot compete in accuracy with those
obtained from þßªþ   	
  and þßªþ    events but this was not the goal of
this thesis. Nevertheless, the statistical gain obtained including the fully leptonic channel in the
result of
îQï
taking into account hadronic and semileptonic events should not be neglected. In
terms of statistic, an improvement of 1% in the general result means a gain of 2% in the luminos-
ity and the effort made to gain an additional 2% is huge in comparison with the present analysis.
However, this is not the most important motivation and two different aspects should be taken into
account. First, the method here developed and presented is completly complementary to those
used in the other two channels. The effort made by the collaborations to perform cross-checks
for the
î ï
result is tremendous in comparison to the present analysis. Second, any improve-
ments on
îdï
in the near future will come from hadron colliders (Tevatron at Fermilab and LHC
at CERN) and they are only sensitive to leptonic W decays. A comparison of î ï measurements
from different decay channels can only be performed at ü ß ü   colliders and therefore for LEP, it
is mandatory to include this comparison in their analysis.
The year 2000 closes the LEP2 era. All the data recorded by the four experiments between
1996 and 2000 at center-of-mass energies from 161 to 210 ûü:ý will confirm the LEP îdï
measurement as what it is already: the most precise result of the W boson mass.
Appendix A
Kinematic Reconstruction of Fully
Leptonic Events
The kinematics of the ﬀﬁﬂﬃ !ﬁﬂ#" process is determined by six angles, two for the scat-
tering, and two for each W decays. The two three-momenta of the charged leptons are known
and this should be enough to fix the whole system. A twofold ambiguity occurs, however, be-
cause the solution involves a quadratic equation. Both solutions of the equation are perfectly
compatible with the system but not distingable experimetally. A solution for the two nonob-
served neutrino momenta $% and $
%
"
are now presented as a function of the observed lepton
momenta  and  . The analysis is performed in the &&' center of mass frame and assuming the
neutrinos to be massless. The system will be solved for $
%
" , because $ % is given by momentum
conservation.
1. Assuming that the  energy is equal to the beam energy (*) :
+-,
%
"/.
(*)102
,
(A.1)
or:
+-3
%
"
.54
(*)102
,6
3 (A.2)
where + ,
%
"
.87
+
%
7
is the energy of the neutrino and 
,
is the charged lepton energy.
A similar equation comes from the other   boson:
+93
%
.54
(*)10:

,
6
3 (A.3)
2. Using the momentum conservation for the momenta of the charged leptons , the equation
(A.2) can be rewritten in terms of +
%;"
:
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where
D
3
ﬂ
and
D
3
ﬂF"
are the masses of the charged leptons.
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3. The third constraint comes from the condition that the lepton–antineutrino system should
have the mass of the W boson:
R
LTSVU-WX;Y[Zﬃ\*]_^`\a (A.5)
which gives from (A.2):
LcbdU
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Using the relation obtained in (A.4) and (A.5):
L
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The conditions of equations (A.4), (A.6) and (A.7) provide a solution for U X;Y . The right–
hand sides of these equations can be rewritten:
U
\XY
]fo (A.8)
LcbdU
\
XYp]q (A.9)
L
O
bdU9\XYp]fr (A.10)
It is assumed the most general case in which the two three-momenta L and L O are not
parallel. Expanding s
\X;Y
in terms of L and L O :
U
X
Y
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O
SyxTL{z|L
O (A.11)
Using this last relation in (A.9) and (A.10), they give:
t{L \=S}v~Ljb L
O
]q (A.12)
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which can be explicitly solved:
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The last variable x is determined using (A.8):
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Experimentally the sign of x cannot be determined. This shows the twofold discrete am-
biguity mentioned at the biginning of present appendix. Geometrically the ambiguity in
the neutrino momenta corresponds to two specular vectors, one over, the other under the
plane formed by the two charged leptons.
Appendix B
Correlation between Measurements of
a Single Physical Quantity
The correlation between  different estimates of a physical quantity is obtained from the error
matrix defined as [98]:
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where / 1 are the variance for each invididual measurement and  ' is the covariance be-
tween measurements  and  and it is defined as:
 

Ł



A  (B.2)
where    is the correlation factor between  and  estimates. Thus, if the measurements are
uncorrelated the error matrix is diagonal whereas elements outside of the principal diagonal give
an idea of the lineal relation (this is the correlation) between the measurements.
The full error matrix is estimated by Monte Carlo simulation. A total number of  inde-
pendent subsamples are taken and they are subjected to the same selection criteria as were used
in the real data. In this way  sets of estimations ¡ ¢P£ are obtained, where ¤ denotes the Monte
Carlo subsample number and ¥ refers to the method uses to determine ¡ , i.e. the variable.
The elements of the error matrix are defined as:
¦
¢¨§
Ł ©


ª
¢¬«
®­
¡ ¢P£A¯ ¡
¢#°
­
¡±§;£A¯ ¡
§° (B.3)
1The variance ²³ is defined as ´jµP¶·³d¸º¹¼»³ , where ´ is the expected value, ¶ is the performed measurement of
a physical quantity and » is its mean value. The variance is a measure of how widely the measurement ¶ is spread
about its mean value » . The square root of the variance ² is called the standard deviation of x [99].
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where ½ ¾ is the Monte Carlo average for the ¿ variable:
½ ¾ÁÀ ÂÃ Ä
ÅÆ ÇÈ
½
¾
Æ
(B.4)
The correlation factor ÉÊË between the variables Ì and Í is determined therefore from the
corresponding error matrix element ÎÏÐ'ÊË , using the equation (B.2).
Appendix C
Coefficients for the Unbinned
Maximum Likelihood Fit
The differents coefficients obtained from the linear dependence studies to Ñ`Ò for the leptonic
energy and the pseudomass for all their classes are summarized in the following tables:
First class for the leptonic energy
Ó~Ô ÓÖÕ ÓÖ× ÓÖØ ÓÖÙ
Ú Û ( ÜÝßÞ ) à·á à Ô à·á à®á à Ô à®á à·á
183 23.58 â 0.10 0.88 â 0.19 2.44 â 0.07 65.81 â 0.06 -0.90 â 0.12 2.15 â 0.04 0.07 â 0.01
189 22.76 â 0.08 0.47 â 0.07 2.14 â 0.07 70.27 â 0.05 -0.86 â 0.04 2.08 â 0.05 0.08 â 0.01
192 23.26 â 0.11 0.31 â 0.22 2.35 â 0.10 71.73 â 0.06 -1.01 â 0.12 2.15 â 0.04 0.07 â 0.01
196 23.60 â 0.11 0.35 â 0.14 2.70 â 0.08 74.68 â 0.07 -0.61 â 0.18 2.25 â 0.05 0.05 â 0.01
200 23.03 â 0.12 0.30 â 0.21 2.41 â 0.09 76.82 â 0.07 -0.67 â 0.13 2.28 â 0.05 0.11 â 0.02
202 23.53 â 0.12 0.52 â 0.23 2.62 â 0.09 78.72 â 0.07 -0.87 â 0.13 2.21 â 0.04 0.07 â 0.01
Table C.1: Numerical values of the coefficients for the first class of defined for the leptonic
energy at all center–of–mass energies.
Second class for the leptonic energy
Ó~Ô ÓÖÕ ÓÖ× ÓÖØ ÓÖÙ
Ú
Û ( ÜÝßÞ ) à·á à Ô à·á à®á à Ô à®á à·á
183 23.91 â 0.17 1.18 â 0.30 3.84 â 0.12 64.67 â 0.09 -0.73 â 0.18 4.03 â 0.05 1.41 â 0.01
189 23.04 â 0.13 0.61 â 0.11 3.73 â 0.11 68.71 â 0.08 -0.65 â 0.07 4.46 â 0.07 1.36 â 0.01
192 23.02 â 0.14 0.58 â 0.27 3.59 â 0.15 70.03 â 0.10 -0.69 â 0.19 4.48 â 0.08 1.96 â 0.15
196 22.36 â 0.15 0.49 â 0.27 3.27 â 0.16 72.73 â 0.11 -0.30 â 0.20 5.12 â 0.07 1.45 â 0.09
200 24.09 â 0.17 0.42 â 0.28 5.11 â 0.21 74.71 â 0.12 -1.35 â 0.22 5.61 â 0.09 0.45 â 0.11
202 23.44 â 0.19 0.50 â 0.26 4.45 â 0.18 76.00 â 0.12 -0.97 â 0.24 5.67 â 0.09 1.16 â 0.15
Table C.2: Numerical values of the coefficients for the second class of defined for the leptonic
energy at all center of mass energies.
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First class for the pseudomass
ãä ãÖå ãÁæ
ç è ( éê;ë ) ì·í ìQî ì·í ì·í
183 78.99 ï 0.07 0.45 ï 0.16 1.61 ï 0.07 0.058 ï 0.006
189 79.25 ï 0.06 0.66 ï 0.06 1.49 ï 0.05 0.080 ï 0.005
192 79.59 ï 0.07 1.74 ï 0.15 1.55 ï 0.06 0.069 ï 0.005
196 79.86 ï 0.07 0.62 ï 0.12 1.27 ï 0.05 0.115 ï 0.006
200 80.54 ï 0.09 0.74 ï 0.17 1.73 ï 0.05 0.096 ï 0.003
202 81.44 ï 0.09 0.50 ï 0.23 1.84 ï 0.10 0.058 ï 0.006
Table C.3: Numerical values of the coefficients for the first class of events defined for the pseu-
domass at all center of mass energies.
Second class for the pseudomass
ã ä ã å ã æ
ç è ( éê;ë ) ì í ì î ì í ì í
183 80.29 ï 0.09 1.27 ï 0.20 2.91 ï 0.10 0.053 ï 0.008
189 80.45 ï 0.08 0.53 ï 0.07 3.18 ï 0.09 0.041 ï 0.006
192 80.10 ï 0.06 0.56 ï 0.14 1.90 ï 0.06 0.135 ï 0.006
196 80.81 ï 0.09 0.74 ï 0.15 2.24 ï 0.08 0.151 ï 0.007
200 81.85 ï 0.10 0.41 ï 0.17 2.55 ï 0.09 0.156 ï 0.008
202 83.47 ï 0.12 1.20 ï 0.34 3.42 ï 0.11 0.081 ï 0.006
Table C.4: Numerical values of the coefficients for the second class of events defined for the
pseudomass at all center of mass energies.
Third class for the pseudomass
ãä ãÖå ãÁæ
ç
è ( éê;ë ) ì·í ìQî ì·í ì·í
183 79.53 ï 0.05 1.14 ï 0.13 1.85 ï 0.05 0.097 ï 0.005
189 79.53 ï 0.05 0.87 ï 0.05 2.13 ï 0.05 0.082 ï 0.004
192 79.90 ï 0.05 0.53 ï 0.11 1.71 ï 0.05 0.114 ï 0.005
196 80.64 ï 0.07 0.85 ï 0.15 1.14 ï 0.02 0.042 ï 0.006
200 80.80 ï 0.06 0.62 ï 0.12 2.22 ï 0.06 0.104 ï 0.005
202 81.67 ï 0.07 1.14 ï 0.16 2.56 ï 0.07 0.094 ï 0.005
Table C.5: Numerical values of the coefficients for the third class of events defined for the
pseudomass at all center of mass energies.
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